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Chapter 1: Introduction

Abstract
Induction Motors (IM’s) are increasingly being considered for and used in
high-performance motor drive (HPMD) systems. Their application has only gained
acceptance since the 1970’s with the advent of vector control, microprocessors and
improvements in power converter technology. D.C. motors were traditionally the
preferred choice in HPMD systems. The main reasons for IM acceptance in HPMD
systems are ruggedness, durability, low maintenance, cost, and small size by
comparison with D.C. motors.
Alternating current asynchronous motors of the IM type are considered to be
the universal workhorses of the manufacturing industry. It has been estimated that
they are used in seventy to eighty per cent of all industrial drive applications, although
the majority are in fixed speed applications such as pump or fan-drives. This thesis
initially examines the relative advantages and disadvantages of the D.C. and IM
motors. The main disadvantage of the asynchronous squirrel-cage IM is its control
complexities in ASD applications and its non-linear operation, which can be
overcome through low cost effective DSP solutions.
In general, the control of IM’s in HPMD systems can be classified into two
distinct categories. The first of these is a traditional approach and is referred to as
scalar control. Scalar control represents a means of obtaining speed control, and in the
squirrel-cage IM this is achieved using both variable voltage/fixed frequency and
variable frequency/fixed voltage supplies. For one such application of scalar control
the constant volts per hertz (V/f) scheme is examined. Although a scalar controlled
IM drive provides good speed control it does not provide a precise torque control
capability with flux stabilisation. This was ascertained through simulation exercises of
a scalar controlled IM drive in this thesis. In order to achieve the performance
required by servo applications, IM’s have to be controlled using vector controllers.
The key features that differentiate between scalar and vector controllers are:
•

Vector Control is designed to operate with a standard a.c., squirrel-cage
asynchronous IM of known characteristics. If the characteristics of the IM are not
known precisely then the vector control scheme can become totally inoperative. In
many cases a Kalman observer is used for IM parameter estimation.

•

A vector controller and its associated IM form an integrated drive; the drive
controller and the motor have to be matched to achieve satisfactory performance.

•

The vector controlled IM supplied currents are controlled both in magnitude and
phase in real-time, in response to the demand and to external disturbances.

To examine the difficulties associated with the constant volts per hertz (V/f)
scalar control technique a comprehensive study of the rotor flux-oriented vector
control technique has been considered in this thesis.. Such a technique that relies
heavily on the Parks transformation of the three-phase stator currents from the a-p
stationary reference frame (s) to a special x-y reference frame for two-axis vector
control is presented in this thesis. This transformation enables the asynchronous
squirrel-cage IM to achieve a level of performance the same as that of a D.C. motor,
in terms of precise torque control with flux stabilisation, but without the
disadvantages associated with D.C. motor usage. Numerous IM drive simulations
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have been undertaken for a variety of load torque conditions to illustrate the essential
differences between scalar and vector control.
With precise torque control, high-performance applications such as industrial
machine tools, spindle drives, and cutters can be implemented by employing a twoaxis controlled IM drive. To implement the rotor flux-oriented control technique
particular attention is drawn to the development of a high-performance space vector
pulse-width modulated (SV-PWM) voltage source inverter (VSI)- fed IM drive in the
Matlab/Simulink software environment, that incorporates a mathematical model of a
practical 2 kW IM and thereafter develop the rotor field-oriented control technique for
such a drive. The SV-PWM technique is employed over the conventional sine-triangle
PWM type since it is geared towards a digital implementation, and consequently
allows the vector controlled IM drive to be used in a real-time application. It also
provides a fifteen-percent increase in dc-link voltage utilisation compared with sinetriangle PWM technique.
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Glossary of Induction Motor Mathematical
Terms

Uas, Ubs, Ucs

Uasrefj UbsreU Ucsref

Us'
USa, Usp
USd, Usq

UdR, Uqr
UdR, UqR

Gs? lbs? Ics

h

Is'
ISa, Isp

isd, isq

7o
A'
iDR, iQR

are the three-phase rms. Voltage components applied to the
stator windings.
are the three-phase reference voltage components applied to the
pulse-width modulated voltage source inverter,
is the stator voltage space phasor in the a-P stationary reference
frame (s).
is the stator voltage space phasor in the D-Q synchronously
rotating reference frame (r).
are the transformed direct and quadrature axis stator voltages in
the a-p stationary reference frame (s).
are the transformed direct and quadrature axis stator voltages in
the D-Q synchronously rotating reference frame (Q.
is the rotor voltage space phasor in the D-Q synchronously
rotating reference frame (r).
is the rotor voltage space phasor in the a-p stationary reference
frame (s).
are the transformed direct and quadrature axis rotor voltages in
the D-Q rotating reference frame (r).
are the transformed direct and quadrature axis rotor voltages in
the a-p stationary reference frame (s).
are the three-phase rms. current components applied to the
stator windings.
is the stator current space phasor in the a-p stationary reference
frame (s).
is the stator current space phasor in the in the D-Q
synchronously rotating reference frame (r).
are the transformed direct and quadrature axis stator currents in
the a-p stationary reference frame (s).
are the transformed direct and quadrature axis stator currents in
the D-Q synchronously rotating reference frame (r).
is the rotor current space phasor in the D-Q synchronously
rotating reference frame (r).
is the rotor current space phasor in the a-p stationary reference
frame (s).
are the transformed direct and quadrature axis rotor currents in
the D-Q synchronously rotating reference frame (r).
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IdR, IqR
^ ScpR

Isx? Isy

9sa, 9sp
<PSd, 9Sq

T
^R '
9dR’ 9qr
9dR5 9r

'■ R(pR

''s

are the transformed direct and quadrature axis rotor currents in
the a-P stationary reference frame (s).
is the stator current space phasor in the special x-y reference
frame.
are the transformed direct and quadrature axis flux- and torqueproducing stator current components in the special x-y
reference frame respectively.
is the stator flux-linkage space phasor in the a-P stationary
reference frame (s).
is the stator flux-linkage space phasor in the in the D-Q
synchronously rotating reference frame (r).
are the transformed direct and quadrature axis stator fluxlinkages in the a-p stationary reference frame (s).
are the transformed direct and quadrature axis stator fluxlinkages in the D-Q synchronously rotating reference frame (r).
is the rotor flux-linkage space phasor in the D-Q synchronously
rotating reference frame (r).
is the rotor flux-linkage space phasor in the a-p stationary
reference frame (s).
are the transformed direct and quadrature axis rotor fluxlinkages in the D-Q rotating reference frame (r).
are the transformed direct and quadrature axis rotor fluxlinkages in the a-p stationary reference frame (s).
is the rotor flux-linkage space phasor in the special x-y
reference frame.
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
reference frame (r).
is the time-speed related parameter reference.
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Ss
^ MB

P
^ BASE

T
^M
J
W
me
mo

r
Ud
Uhl
Zb

to, ti,t2
Ts (Tc)
To
Fs
Fm
c
B
0r

pr

^

is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
is the
are the switching instants of the three-phase voltage source
inverter.
is the switching period.
is the modulation period.
is the switching frequency.
is the modulation signal frequency.
is the sector of operation
is the system friction co-efficient.
is the angle between the direct axis of the stationary reference
frame (sa) and the direct axis of the rotating reference frame
(Dr).
is the angle between the direct axis of the stationary reference
frame (sa) and the direct axis of the rotor flux oriented
reference frame (x)
is the governing transformation angle required to determine
with accuracy the sector of operation and thus the required
voltage space vector to be issued.
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Glossary of Symbols

ASD
NC
D.C.
IM
MMF
A.C.
PM
BLMD
PWM
V/f
DSP
ASIC
AI
FOC
SVM VSI
PWM VSI
DTC
SVM
Hp
ANN
NeFeB
MRAS
DFOC
IDFOC
EKF
SV-PWM
VSI
CSI
SCR
ROM
PI
HPMD
MO
SO

Adjustable Speed Drive.
Numeric Control
Direct-Current.
Induction Motor.
Magneto-Motive Force
Alternating-Current.
Permanent-Magnet.
Brushless Motor Drive.
Pulse-Width Modulation.
Volts per Hertz
Digital Signal Processing.
Application Specific Integrated Chip
Artificial Intelligence.
Field-Oriented Control.
Space Vector Modulated Voltage Source Inverter.
Pulse-Width Modulated Voltage Source Inverter.
Direct-Torque Control.
Space Vector Modulation.
Horsepower.
Artificial Neural Networks.
Neodymium-Iron-Bom.
Model Reference Adaptive System.
Direct Field-Oriented Control.
Indirect Field-Oriented Control.
Extended Kalman Filter
Space Vector Pulse-Width Modulation
Voltage Source Inverter
Current Source Inverter
Semiconductor Controlled Rectifier
Read Only Memory
Proportional-Integral
High-Performance Motor Drive
Modulus Optimum
Symmetrical Optimum
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1.1:

Motivation

High-performance adjustable-speed drives (ASD’s) are vddely used in and
are central to modem industrial automation [1], in such scenarios as numerical control
(NC) machine tools and robotics. The benefits accruing from the application of such
drives are precise and continuous control of speed, torque, and position with long term
stability, good transient performance, and high efficiency [2].
Conventional direct-current (D.C.) motors have been traditionally used in
ASD applications. The instantaneous torque of a D.C. motor is proportional to the
product of the armature current and the field current, and these are dynamically
decoupled. Dynamic decoupling means that the field and armature currents can be
adjusted independently, and without interference. This allows for fast torque response
because the commutator maintains a fixed (and nearly ideal) torque angle at all times,
and consequently a high precision in position control and speed regulation in ASD’s is
achieved [3]. D.C. motors are characterised by their versatility. By means of various
combinations of shunt-, series-, and separately excited-field windings, they can be
designed to display a variety of torque-speed characteristics for both dynamic and
steady-state operation. The flexible and relative simplicity of d.c. dnve systems has
hitherto promoted their application over a.c. drive systems in high-performance ASD
applications. Most importantly D.C. motors have more relaxed control requirements
in comparison to the squirrel-cage induction motor (IM). However, D.C. motors suffer
from the drawback of a mechanical commutator assembly fitted with brushes for
electrical continuity of the rotor mounted armature coil. This serves to increase the
shaft inertia, reduce the speed of response, and increase the overall cost of the motor
maintenance. The orientation of the field flux and the armature magneto motive force
(MMF) is fixed by the commutator and brushes. The mechanical commutator
assembly requires regular maintenance, and this causes difficulty when interruptions
cannot be tolerated or when the D.C. motor is used at inaccessible locations.
These problems can be overcome by the application of alternating-current
(A.C.) motors. A.C. motors such as the squirrel-cage IM, synchronous reluctance
motor, and the permanent-magnet (PM) synchronous motor are examples of brushless
motors. Brushless motor drive (BLMD) systems which incorporate wide bandwidth
speed- and torque- control loops are used extensively in modem high-perfonnance
industrial motive power applications instead of conventional D.C. motors as control
drive actuators [4,5]. Bmshless motors have a robust rotor constmction that permits
reliable maintenance-free operation at high speed. These motors admit to a lower
inertial design with a high power/weight ratio. The rotor winding of the IM can be
either of two types. It can be wound similar to the stator windings, or it can be a cagetype winding. The squirrel-cage rotor IM consists of aluminium or copper bars
embedded in the rotor slots and shorted at both ends by aluminium or copper bars [6],
and is discussed in chapter 2. The squirrel-cage IM has a low inertia and can operate
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at high temperature and high speed for prolonged periods without maintenance. In
addition the cost of the squirrel-cage IM is about one-tenth that of a D.C motor of the
same speed and power rating [2]. The power/weight ratio of the squiirel-cage IM is
about twice that of the D.C. motor, and IM’s are manufactured in much higher
horsepower ratings because the stator currents are not limited by commutation [2] as
in the case of the D.C. machine. They can be used in hazardous environments that are
prohibitive for d.c. drives, and they are also more durable than D.C. machines. It is
because of these advantages that the squirrel-cage IM has become the most widely
used prime movers in fixed speed applications [7]. However, IM’s suffer from a
number of drawbacks. They run at low power factors when lightly loaded. Their
starting current is usually five to seven times the rated full load current value. The
field flux and the spatial angle of the rotor MMF wave require external control. A
certain degree of speed variation is achieved by reduction of the stator voltage at
constant supply frequency, but for an efficient wide-range of speed control then both
the stator voltage and frequency must be varied. The provision of an adjustablefrequency supply by static frequency converters is often expensive, but this cost
increase is justified by improved IM performance. However, the cost of the static
frequency conversion equipment may offset the savings resuhing from the
replacement of the D.C. motor by the lower cost squirrel-cage IM [2]. The biggest
drawback with the squirrel-cage IM is that it requires more complex control
requirements than that for the conventional D.C. motor, and the PM synchronous
motor.
Many industrial applications require several speed changes or a continuously
adjustable range of speeds, for example, conveyer belts, cranes, robots, steel mills,
elevators, and electric vehicles. Traditionally D.C. motors have been used in ASD
systems. In particular the separately excited D.C. motor has been employed in
applications where there was a requirement for fast response with high torque
performance near zero speed [4]. Variable speed a.c. drives on the other hand have
been used in the past to perform undemanding roles in applications that precluded the
use of D.C. motors, either because of the working environment, high power handling
requirements, or the commutator limits. It is for the above stated reasons that a vector
controlled squirrel-cage IM was introduced as a replacement for the D.C. motor in
high-performance applications such as industrial machine tools, spindle drives, and
cutters. Vector control of IM drives allows precise torque control, which prior to the
1970’s could only be achieved with d.c. drives.

1.2:

Overview of IM Mathematical Model and Control
Techniques
Consideration of the advantages of using IM’s in high-performance ASD
applications defines the requirement for an accurate model description of the complete
IM drive system based on internal physical structures, for the purpose of simulation
and if necessary parameter identification of the non-linear system electrodynamics
[8]. This is necessary for behavioural simulation accuracy and performance related
prediction, before any practical experiments are performed on an IM drive system.
Having an accurate knowledge of an IM model allows theories to be tested,
algorithms to be developed, and performance characteristics to be examined in the
Matlab/Simulink software environment. Consequently the performance characteristics
observed from practical experiments can be compared with simulated results for
verification and confidence enhancement of the applied control scheme. Before an
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accurate IM mathematical model can be developed it becomes necessary to undertake
a comprehensive study concerning the pertinent issues of transformation of the threephase stationary circuit elements of voltage, current, flux-linkage etc. to an arbitrary
two-axis reference frame for the purpose of field-oriented control. This consequently
requires knowledge of the Parks transform [9].
The choice of reference frame in which the IM mathematical model is
developed is at the discretion of the user, but is generally dictated by a simplification
of the stationary IM three-phase model translated into an arbitrary two-co-ordinate
frame for ease of analysis and IM control. For this thesis the IM miathematical model
is defined in the a-(3 stationary reference frame (s) since the mathematical equations
and transformation relationships are easier to understand. To develop an
understanding of the transformation principles it is necessary to become familiar with
space phasor theory. The required knowledge of space phasor theory with additional
details is provided in chapter 3.
If IM’s are to be employed in high performance variable speed electrical
drives then they must be controlled. Since the IM is highly non-linear, it requires
more complex control than either the D.C. motor and PM synchronous motor [10].
High fidelity control of the a.c. currents in the IM generally requires fast power
electronics components, which were not available until the 1970’s. For these reasons,
virtually all medium- or high-performance ASD’s installed before 1980 incorporated
d.c. drives [11]. IM control techniques are generally divided into
•

Scalar (Constant volts per hertz (V/f)) operation

•

Vector (Rotor-flux oriented indirect control) operation

The angular velocity of a squirrel-cage IM is regulated by varying the
magnitude and frequency of the phase voltages applied to the three-phase stator
windings. In the past, speed control of IM’s has been achieved using adjustable-linevoltage and -frequency control techniques, amongst other scalar control techniques
that are briefly discussed in chapter 2. The early generation of a.c. ASD’s, which
appeared in the 1980’s, used pulse-width modulation (PWM) to provide adjustableline frequency sinusoidal currents. Here voltage and frequency were chosen as the
basic control variables of the IM for the constant volts per hertz (V/f) scalar control
strategy. The torque and air-gap flux are functions of both voltage and frequency, and
this coupling effect is responsible for the sluggish response of the IM [4]. The best of
these drives provided excellent speed control but did not provide a direct-torque
control capability. Typically, the A.C. motor is treated as a ‘speed source’ in which
the actual speed is determined primarily by the stator input frequency. The voltage is
adjusted approximately so as to keep the no-load current fixed as the frequency
changes. Since this results in a frequency-proportional voltage, the method is often
called “constant volts per hertz” (V/f) control. Since drives of this type do not require
any special sensing, and need only speed information for high performance, they are
generally termed scalar control drive systems. Scalar drives are popular in a wide
range of ASD applications, and represent the most common type of a.c. drive [4].
They have the advantage that little information about the motor is required for them to
operate properly. However the constant volts per hertz (V/f) scalar control method has
a lot of observable disadvantages in the transient state of operation relating to a lack
of- torque control, -inherent current control, and-satisfactory transient stability [12].
The control equations in this instance are based on the steady state model of the IM.
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The constant volts per hertz (V/f) scalar control method operates cn the open-loop
configuration, and does not provide good dynamic performance [13]. The dynamics of
the system are affected by variations in the stator and rotor circuit parameters, which
are subject to fluctuations with heat and magnetic saturation. A basic limitation of
IM’s with constant rotor resistance is that the rotor design has to be a compromise
between the following conflicting requirements. High efficiency under normal
running conditions requires a low rotor resistance, but a low rotor resistance results in
a low starting torque and high starting current with low power factor [14].
Speed control, while it supports a wide range of applications, does not cover
the true high-end applications that require a torque source [11]. The control of torque
in IM’s is a complex problem that requires fast-sophisticated digital signal processing
(DSP) hardware, and digital control algorithms that are computationally intensive.
Several control algorithms were devised in the late 1960’s by which IM’s could nearly
achieve torque control [11,12]. These methods met with only limited success, since
they required cumbersome calculations that involved many unknown model
parameters and numerous approximations. Additionally, they were limited by the
slow switching speed and difficult commutation requirements of early thyristors.
Improvements in power eleetronics enabled new control schemes to be implemented
which provide high-bandwidth current control. Prior to the 1980’s, the primary
advantage of d.c. ASD’s over a.c. ASD’s was that d.c. drives could readily provide
torque eontrol through direct-torque control of the armature current. In contrast, a.c.
drives up to that time usually used square-wave converters and were more suitable for
speed control. Without torque control, the dynamie performance of a drive is at best
slow and oscillatory, and in the worst case unstable. High-performance applieations
such as industrial machine tools, spindle drives, and cutters require position control
which are best implemented with precise torque control. The torque oscillations and
sluggish response inherent in the square-wave converter are unaeceptable for these
applications. Instantaneous torque control is also highly desirable for many mediumperformance applications such as conveyer belt drives, rollers, and electric vehicles
which require fast torque response and precise speed control. While the transient
response of low-performance applications such as fans and pumps is not that critical,
instantaneous torque control has the advantage of eliminating the otherwise necessary
current limiters. Conservative limits on the peak current, which also limit the peak
torque, are required by square-wave converter drives to prevent “nuisance trips”
caused by sudden surges in the torque demand. If a drive has instantaneous torque
control capability, the maximum allowable torque setting serves to limit the current,
and can be provided quickly with low risk of spurious trips. True bipolar torque
control allows four-quadrant operation of the drive, in which both speed and torque
can be positive or negative [11].
As in the case of D.C. motors torque control in IM’s is achieved by
controlling the accessible motor stator winding currents. An additional benefit in the
eontrol of the IM despite the complexity involved is the fact that the mechanism of IM
torque production is very similar to that in a D.C. motor. Unfortunately this similarity
was not emphasised before the 1970’s, and consequently vector control
methodologies did not emerge until later. However, in an IM, by contrast to a D.C.
motor, both the phase angle and the magnitude of the stator current have to be
eontrolled, which is the basis for current vector control. Vector control is the
foundation of modem high-performance drives. There are two types of torquecontrolled drives used for high-performance applications: vector torque controlled
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drives and direct-torque controlled drives. Following the early contributions of
Blaschke [15] and Hasse, and largely due to the pioneering work of Professor
Leonhard, the application of vector control in A.C. machines has emerged as a
powerful and very effective control technique world-wide. The invention of vector or
field-oriented control (FOC), and the demonstration that the A.C. motor can be
controlled like a separately excited D.C. motor [4], has brought about a renaissance in
the control of high-performance IM drives. In addition to the many advantages of the
IM over the D.C. motor (lower cost, better reliability, efficiency) IM ASD’s are
found to offer faster torque response, higher transient current capability, and increased
speed range when compared to d.c. drives [11]. In FOC or vector control, the motor
input currents are adjusted to set a specific angle between fluxes produced in the rotor
and stator windings-in a manner that follows from the operation of the D.C. motor.
More formally, the approach applies direct-quadrature two-axis analysis methods
directly to the torque control problem. When the dynamic equations for an IM are
transformed by means of the well established Parks transform into a special rotating
reference frame that aligns with the rotor flux, the results observed are similar to the
dynamic behaviour of a D.C. motor [9,12,16]. Once this alignment is correctly
achieved then the IM’s stator current can be separated into a flux-producing
component, and an orthogonal torque-producing component, analogous to the field
and armature currents of the D.C. motor. Thus the torque is then controlled by the
torque-producing current component, whilst the rotor flux is controlled by the fluxproducing current component, with both the torque- and flux-producing current
components asymptotically decoupled from each other. The vector control method has
the following advantages:
•

Quick torque response with no ripple

•

Since the flux can be maintained constant then the IM can work with
maximum efficiency in all operating points

•

Independent control of torque and flux and therefore of speed and
torque.

However, the vector control method is hard to implement and is directly
related to the parameters of the IM. The key to vector control is a precise knowledge
of the rotor flux angle with respect to the stator. Approaches in which rotor flux is
sensed are generally termed “direct field-orientation” control methods. The sensitivity
of this FOC method to temperature variations, which leads to variations in circuit
parameters such as the stator resistance, is eliminated by online estimation of the
circuit parameters using the Kalman filter estimator. It is also possible to compute the
angle from shaft position information, and this approach is generally termed “indirect
field-orientation” control methods. This approach is adopted in this thesis. The
disadvantage of using a shaft encoder for rotor position determination is an increase of
the overall drive cost and a decrease in reliability.
The advent of microprocessors in the 1970’s made IM vector control
increasingly attractive [17], and owing to intense advances in DSP, applicationspecific integrated chip (ASIC) design, artificial intelligent (AI) techniques, and
power electronics control techniques, IM drives can now be implemented in real-time
applications [4,17]. There are a variety of FOC methods available for IM operation.
The rotor flux indirect vector control method is the most widely used because of its
simplicity and ease of the design equations [4]. Crucial to the success of a real-time
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implementation of the direct vector control technique for a space vector modulated
voltage source inverter-fed (SVM VSI) IM drive is a precise knowledge of the rotor
flux amplitude and its angular position [18]. These quantities require priori knowledge
of the rotor electrical time constant, which varies with temperature, frequency and
rotor speed. In the case of the squirrel-cage rotor IM, the rotor flux can be determined
analytically via stator voltage integration. However due to the stator resistance voltage
drop, the result can be biased. This will in turn affect the performance of the drive at
low frequencies, and consequently the control scheme becomes ineffective and totally
inoperable. To overcome this drawback the rotor flux can be estimated using a state
observer [19].
An example of a pulse-width modulated voltage source inverter-fed (PWM
VSI) IM drive incorporating vector control is illustrated in Figure I. Direct-torque
controlled (DTC) drives were introduced in Japan by Takahashi and in Germany by
Depenbrock during the 1980’s. In the DTC method, integration of motor and inverter
control is very close. All switch changes of the inverter are based on the
electromagnetic state of the motor. There is no need to have a separate PWM
modulator between the motor and inverter control, which accounts for the main
difference between DTC methods and the traditional a.c. drive control methods. The
optimal switching logic is realised by ASIC hardware design. The feedback
information from the power switches are used in the calculation of the actual voltage
vector. The DTC concept is illustrated in Figure 2 [20,21]. The torque and flux
reference commands are compared with the actual values, and control signals are
produced using a two-level hysteresis control method [13].
This thesis presents an indirect rotor flux-oriented vector control method for
an SVM VSI fed IM drive simulated in the Matlab/Simulink software environment for
specific load torque conditions. The motivation behind this research project was to
examine the benefits, that the rotor flux-oriented indirect vector control methodology
provides as a contemporary control solution, and to compare this approach with that
for the constant volts per hertz (V/f) scalar control scheme for a SVM VSI-fed IM
drive. Identical simulations were conducted when the IM drive was configured for the
rotor flux-oriented vector control and the constant volts per hertz (V/f) scalar control
schemes. The performance characteristics derived for the constant volts per hertz
(V/f) scalar control operation provided a convenient basis of comparison with the
performance characteristics obtained from the rotor flux-oriented vector control
operation. This comparison illustrates the weakness of the constant volts per hertz
(V/f) scalar control scheme, whilst promoting the adoption of the rotor-flux oriented
vector control technique as a convenient and accurate means of high performance IM
drive control.
The motivation for the application of the SVM technique over the
conventional sine-triangle PWM technique is as follows. While offering a new
inherently digital computation method, the SVM technique produces identical PWM
signals that can be obtained from the comparison of a triangular carrier waveform
with a suitably defined modulating waveform. The main advantages relating to the
implementation of the SVM technique are:
•

Simple, inherently digital calculation of the inverter switching times

•

A fifteen per-cent increase in dc-link voltage utilisation over the
conventional sine-triangle PWM technique
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•

Figure 2:

Lower harmonic content, particularly at high modulation indices when
compared with the conventional sine-triangle PWM technique

The core of the DTC scheme is direct torque and flux control with
optimal switching logic and motor model

24

Chapter 1: Introduction

1. 3 :
(a)

(b)
(c)

(d)
(e)

OBJECTIVES OF CURRENT RESEARCH
The main objectives of this work concerned the
Development of an accurate mathematical model, based on design equations
and physical principles to accommodate the indirect rotor-field oriented
control scheme for an SVM VSI-fed IM drive system.
Comprehensive study of scalar and vector control techniques for IM drives.
Implementation of a vector and scalar control technique in the
Matlab/Simulink software environment for performance evaluation of the IM
drive and verification of the applied control technique.
Comparison of performance characteristics observed from the IM drive for
both control techniques.
Development of a practical experimental platform using a 2 kW IM supplied
by Moog Ireland as industrial sponsors of this project. Verification and
comparison of experimental results for different inertial load conditions with
IM software simulations for confidence enhancement of the applied fieldoriented control method.

1.4:

Overview of Research Work
One of the main aspects of this research work concerned the development of
an accurate mathematical model based on design equations from physical principles to
accommodate the indirect rotor-field oriented control scheme for an SVM VSI-fed IM
drive system. This physical model is necessary for simulation exercises in the
Matlab/Simulink software environment and for analysis and performance evaluation
of the proposed control scheme. The IM drive component specifications are
summarised in Table 1.1. Before an accurate mathematical model can be developed it
is necessary to undertake a comprehensive study concerning the pertinent issues of
transformation of the three-phase stationary circuit elements of voltage, current, flux
linkage etc. to an arbitrary two-axis reference frame. Thus, initially the focus is with
transformation between reference frames, and the application of a special reference
frame, which provides the basis for vector control. To begin an analysis concerning
three-phase to two-axis transformation, it is necessary to become familiar with space
phasor theory. In effect, the three-phase stator current components () are
transformed into a torque-producing current component and a flux-producing current
component, hence the terminology three-variable to two-variable (3-^2)
transformation. Consequently the torque- and flux-current components are decoupled
with respect to each other, and can be directly controlled in a manner similar to that in
a conventional D.C. motor. With vector control the similarities between the
mechanism of torque production in the IM and the D.C. motor are exploited. From the
D.C. motor operation perspective fast torque response is obtaining by maintaining the
field flux constant and quickly varying the armature current. Likewise in a vector
controlled IM fast torque response is obtained by maintaining the flux-current
component constant, and quickly varying the torque-current component, if and only if
both current components are decoupled with respect to each other.
The indirect rotor-FOC scheme was chosen over the alternative stator-field
and magnetising-field vector control techniques because of its widespread application
and ease of design. Practical experiments were performed on the 2kW IM for
verification and confidence enhancement of the applied FOC method examined in the
natural environment. The step response measurement of the angular shaft velocity and
feedback phase currents were conducted to validate the indirect rotor-FOC. The
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experimental verification was accommodated using the dSpace platform with the
Matlab/Simulink software interface. Details of all tests performed are summarised in
Table 1.2.

Table 1.1: Moog Brushless Motor Specification
Motor Type: FAS Y-090-F030-31-08-01
Power Output Capacity=2 kW
Three-Phase Input Voltage Us=220 V
D.C. Voltage Output Ud=325 V
Rated Frequency Hz=120
Stator Inductance at rated frequency
Stator Resistance at 20°C^0.7 Q
= 2.7mH
Rotor Inductance at rated frequency
Rotor Resistance at 20°C=0.61 Q
= 2.5 mH
Number of pole pairs (half the pole number of the motor)=2
Core Loss Resistance=0.87r2
Inertia Co-efficient (J)=2750e-6 kgm"

Motor Controller Unit (Moog DS2000)
Type: CZ1008C6
Input Current=14 A nns
Output Current=14 A rms, Max. Value=42 Apeak
Suitable for use on a supply capable of delivering not more than
5000 symmetrical Amperes
Max. Motor Speed nsYNC=3000 rpm
Recovery Resistance=48 O
Motor Resistance Value (measured between phase and phase), RW=1.4 O
Motor Inductance Value (measured between phase and phase), LW=7.6 mH
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Table 1.2: Summary of Project Test Results
Test Description
Induction Motor(l]VI) Model Development and Simulation
Test One

Result

(a)

Development of d-q mathematieal model
ofIM.

(b)

Open-loop dynamic simulation of d-q
mathematical model of IM in the Excellent IM characteristics
Matlab/Simulink software environment. observed

(c)

Examination of IM performance
characteristics- angular shaft velocity,
developed electromagnetic load torque,
stator and rotor currents.
Test Two

(a)

Development of IM mathematical model
in a-p stationary reference frame,
incorporating parameters of an actual
Moog IM drive supplied as per Table
1.1 above.

(b)

Open-loop dynamic simulation of IM
mathematical model for a sinusoidal
supply of fixed frequency and voltage,
subject to different load torque
considerations in the Matlab/Simulink
software environment.

(c)

Open-loop dynamic simulation of IM
mathematical model for an SVM supply
source, subject to different load torque
considerations in the Matlab/Simulink
software environment.

(d)

Examination of IM performance
characteristics- angular shaft velocity,
developed electromagnetic load torque,
stator and rotor currents, stator-and
rotor-fluxes for both (b) and (c) above.

Result

Satisfactory IM
characteristics observed for
the different load torque
conditions.
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Test Three
(a)

Analysis and implementation of the
eonstant volts per hertz (V/f) scalar
control scheme.

(b)

Dynamic simulation of the IM
Mathematical model incorporating the
constant volts per hertz (V/f) scalar
control scheme, for a sinusoidal supply
source, subject to different load torque
considerations in the Matlab/Simulink
software environment.

(c)

(d)

Good performance
characteristics obtained.
These characteristics
illustrated the weakness of
the V/f scalar control
Dynamic simulation of the IM scheme in high
mathematical model incorporating the performance IM drive
constant volts per hertz (V/f) principle, applications.
for an SVM supply source, subject to
different load torque considerations in
the
Matlab/Simulink
software
environment
Examination of IM performance
characteristics-angular shaft velocity,
developed electromagnetic load torque,
stator and rotor currents, stator-and
rotor-fluxes for both (b) and (c) above.
Test Four

(a)

Result

Examination of coupling parameters
between the stator and rotor circuits
necessitated the development of a
decoupling block, that guaranteed
satisfactory controller performance.
This helped eliminate sub optimal
controller performance.

Result

Ideal decoupling block
developed for closed loop
vector control simulation
tests
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Test Five
(a)

Implementation of a vector control
scheme (rotor field-oriented control).

(b)

Closed-loop dynamic simulation of the
IM mathematical model incorporating
the rotor field-oriented control scheme,
for a sinusoidal supply source, subject
to different load torque considerations
in the Matlab/Simulink software
environment.

(c)

(d)

Excellent IM Characteristics
Closed-loop dynamic simulation of the observed, ideal flux and
IM Mathematical model incorporating torque control response
the rotor field-oriented control scheme, characteristics.
for an SVM supply source, subject to
different load torque considerations in
the
Matlab/Simulink
software
environment.
Examination of IM performance
characteristics-angular shaft velocity,
developed electromagnetic load torque,
stator and rotor currents, rotor flux for
both (b) and (c) above.
Test Six

(a)

1.5:

Result

Verification
and
comparison
of
simulation
results
of the
IM
mathematical model for different
inertial load conditions in the
Matlab/Simulink software environment
with experimental results obtained from
the IM supplied by Moog Ireland via
the dSpace platform, for confidence
enhancement of the applied control
scheme.

Result

Phase current feedback
information observed for
both simulation and
experimental conditions
provided a reliable basis for
comparison.

Structure of Thesis
The main body of this thesis is divided into the following 5 chapters
Chapter 1: Overview of drive technology used in high-performance ASD
applications.
• Chapter 2: Analysis of IM operation, characteristic features, steady-state
performance and speed control methods.
• Chapter 3: Application of space phasor theory to IM modelling. Analysis
of vector controlled IM drives.
•
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•
•

•

Chapter 4: Application of SVM, including comparisons with the
conventional sine-triangle PWM technique, to IM control
Chapter 5: Simulation analysis and performance comparison of the
constant volts per hertz (V/f) scalar control technique with the indirect
rotor-flux oriented vector control scheme. Presentation of practical
experiments performed on the 2kW IM supplied by Ivloog Ireland, and
comparison of simulated results with practical measurements for
confidence enhancement of the applied vector control method.
Chapter 6: Conclusions, future work suggestions, and references

Chapter 1
presents an overview of the development and applications of vector
controlled A.C. motors. The reasons why vector controlled squirrel-cage IM drives
and not conventional d.c. drives are now the most widely used drives in high
performance ASD’s are also discussed.
Chapter 2
is concerned with a brief overview of current motor drive technology
issues embracing IM’s, D.C. motors, and PM A.C. motors as research topics. The
advantages and disadvantages of such motor drives are considered and their range of
industrial application is examined, as a prelude to the discussion of IM operation,
characteristic features, steady-state performance characteristics, and speed control
methodologies.
Chapters
considers the pertinent issues of transformation of the three-phase
stationary circuit elements of voltage, current, flux linkage etc. to an arbitrary twoaxis reference frame. It combines this theory with the mathematical model theory of
Chapter 2 to develop the mathematical model of the IM in the a-p stationary
reference frame (s). This mathematical model enables simulations to be performed in
the Matlab/Simulink software environment. The basis for vector control of IM drives
is introduced, as are the reasons why vector controlled IM drives now dominate highperformance industrial applications. This chapter also presents Matlab/Simulink
simulation tests performed on the mathematical model of the IM in the a-p stationary
reference frame (s) when fed from a sinusoidal supply source of fixed voltage and
frequency.
Chapter 4
presents the principle of space vector modulation (SVM), including the
motivation for the application of this modulation technique over the conventional
sine-triangle pulse width modulation (PWM) method because of its importance in IM
operation. The development of the SVM algorithm is also discussed in detail through
a graphical analysis of the three-phase voltage source inverter (VSI) power circuit,
and the realisation of the inverter states and switching times. This chapter also
presents Matlab/Simulink simulation tests performed on the mathematical model of
the IM in the a-p stationary reference frame (s) when fed from a space vector pulsewidth modulated supply source.
Chapter 5
presents simulation analysis with performance characteristic
comparisons of the constant volts per hertz (V/f) scalar control technique with the
indirect rotor-flux oriented vector control scheme. Such a performance comparison
promotes the indirect rotor field-oriented vector control scheme as that which
overcomes the problems associated with the scalar controlled method and thus can be
employed to control the IM in a high performance ASD application. This chapter also
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presents practical experiments performed on the 2kW IM supplied by Moog Ireland,
and compares simulated results with practical experimental results for confidence
enhancement of the applied vector control method.
Chapter 6

Conclusions, future work suggestions, and references
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Chapter 2: Induction Motor Analysis
This chapter presents a brief overview of current motor drive technology
embracing induction motors (IM’s), direct-current motors (D.C), and permanentmagnet (PM) A.C. motors as research topics. The advantages and disadvantages of
such motor drives are considered and their range of industrial application is examined,
as a prelude to the discussion of IM operation, characteristic features and topologies,
steady-state performance characteristics, and speed control methodologies

2 .1 :

Overview of Induction Motors
In this machine as shown in Figure 3, the stator windings serve to function
as both the armature windings and field windings. When the stator windings are
connected to an ac supply, flux is produced in the air-gap and revolves at a fixed
speed known as the synchronous speed, determined by the supply frequency [6]. This
revolving air-gap flux field wave induces voltage in the stator windings and in turn
the rotor windings. If the rotor eireuit is closed, current flows in the rotor winding as a
result of the induced voltage, and reacts with the revolving air-gap flux to produce a
reaction torque thereby forcing the rotor to traek the rotating stator field. The steadystate speed of the rotor is very elose to the synchronous speed. The rotor winding can
be either a wound-type or a cage-bar type winding. The latter is formed by placing
copper bars in the rotor slots and shorting them at both ends by means of rings. Figure
3(a) illustrates a pictorial view of IM, Figure 3(b) shows a sketch of the squirrel-cage
rotor winding, whilst Figure 3(c) illustrates a cross-sectional view of the IM.
Most industrial electrical machines are three-phase squirrel-cage type IM’s
beeause of the high-motive power handling capability and rotor turning forces
required. These motors are rugged, inexpensive, and require very little maintenance.
They range in size from a few watts to about 10,000 horsepower (Hp). Large IM’s
such as those used in industrial pumps, fans, compressors, and paper mills are usually
above 5Hp and are invariably designed for three-phase operation. Small fractional-HP
IM’s are usually of single-phase design and are used in many household appliances,
such as food blenders, lawn mowers, tumble dryers and washing machines [22]. The
speed of an IM is essentially constant, varying only a few pereent from its no-load to
full-load operation. The distinct advantages of the squirrel-cage rotor IM operation
are:
•
•
•
•

They do not require mechanical commutation as in the case of a conventional
D.C. machine.
They have a robust rotor construetion that permits reliable maintenance-free
operation at high speed.
Their simple rotor eonstruction results in a lower eost motor and a high power
to weight ratio.
These motors can be used in hazardous environments prohibitive to d.c.
drives.
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•

•
•

A vector controlled squirrel-cage IM drive outperforms a d.c. drive because of
the higher transient current capability, increased speed range, and lower rotor
inertia.
They have a high-motive power handling capability
Owing to intense advances in DSP algorithmic techniques, ASIC chip design,
AI techniques such as artificial neural networks (ANN), and fuzzy logic
systems, and power electronics developments mean that vector controlled
squirrel-cage IM drives can now be implemented in real-time.

The drawbacks associated with the squirrel-cage rotor IM can be classified as follows:
•

•
•
•

•

They require a variable-frequency inverter to operate that can increase the cost
of the overall drive. The cost of the static frequency conversion equipment
may offset the savings resulting from the replacement of the D.C. motor by the
lower cost squirrel-cage IM
They run at low lagging power factors when lightly loaded.
The starting current surge is usually five to seven times full load current.
The main drawback is that the squirrel-cage IM requires more complex control
requirements than both the conventional D.C. machine, and permanent-magnet
(PM) synchronous machines.
The field flux and the spatial angle of the rotor MMF require external control
at all times.

Figure 3(a)
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Figure 3(b)

Figure 3:

Induction Machine, (a) Typical Squirrel-cage rotor winding, (b)
Sketch of squirrel-cage rotor winding, (c) Schematic crosssectional view.
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2.2:

Overview of Direct-Current Motors

In a D.C. machine, the field winding is placed on the stator and the armature
winding is located on the rotor as illustrated in Figure 4. An independent d.c. current
is passed through the shunt field winding to produce a fixed flux in the machine. In
the generator mode of operation an alternating voltage is induced in the armature
winding. A mechanical commutator and a brush assembly function as a rectifier,
allowing the armature terminal voltage to be made unidirectional. D.C. machines are
characterised by their versatility. For the D.C. motor a torque producing d.c. current is
fed to the rotor armature coil via the commutator brushes. By means of various
combinations of shunt-, series-, and separately excited field windings, D.C. motors
can be designed to display a variety of torque-speed characteristics for both dynamic
and steady-state operation. In recent years, solid-state a.c. drive system technology
has developed sufficiently such that these systems are beginning to find extended use
in applications previously associated almost exclusively with D.C. machines [2, 6,
22]. However, D.C. machines are still used in applications because of their flexibility,
control and the relative simplicity of their drive systems when compared with A.C.
machines. The distinct advantages associated with simple D.C. machine operation are:
•
•

•
•

•

By careful selection methods for exciting the field windings then the D.C.
motor enables excellent torque-speed operating characteristics to be obtained.
Flexibility issues and relative simplicity of d.c. drive systems are the main
basis for their application in preference to a.c. drive systems, in high
performance ASD’s.
A key feature of D.C. motors is their relaxed control lequirements by
comparison to the squiiTel-cage rotor IM.
Their flux and torque are naturally decoupled and can be controlled directly
and independently by the field and armature currents respectively, thus
allowing for fast torque response and high precision of regulation to be
achieved.
The ready susceptibility of D.C. motors to adjustment of their operating speed
over wide ranges, and by a variety of methods is one of the important reasons
for the strong competitive position of D.C. machines in industrial applications.

The drawbacks associated with the D.C. machine can be classified as:
•

•
•

D.C. motors suffer from the drawback of a mechanical commutator assembly
fitted with brushes for electrical continuity of the rotor mounted armature coil.
This serves to increase the shaft inertia, reduce the speed of response, and
increase the overall cost of the motor maintenance.
Regular maintenance causes difficulty when interruptions cannot be tolerated
or at times when the D.C. motor is used at inaccessible locations.
They can also be expensive because of the rotating mechanical commutator
assembly and brush maintenance.

36

Chapter 2: Induction Motor Analysis

2.2-1: DC Machine Control
Due to the stationary orthogonal field axes in the D.C. machine design, the
control structure of D.C. machines is relatively simple, but their mechanical
construction is complicated [4]. Figure 5(a) illustrates the schematic diagram of a
compensated D.C. machine, where a smooth air-gap is assumed for simplicity.
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rf denote the field windings
cc’ denote the compensation
windings
aa’ denote the armature
windings

®

0

Denotes current flow
into respective
windings.
Denotes current flow
out of respective
windings

Figure 5(a):

Electromagnetic torque production in a d.c. machine

On the stator of the machine are the field windings (ff) and compensation
(cc’) windings and on the rotor there is the armature windings (aa’). The field winding
current (if) produces the excitation flux-linkage (T^f) Interaction of the armature
winding current (ia) with the T'f results in a turning force (F) that acts on the armature
conductors. The direction of this turning force is determined from Flemings left-hand
rule. Since the T^f is in space quadrature to the ia, maximal forces are applied to the
rotor shaft at all times, and therefore the position of the armature winding (aa’) is
optimal for electromagnetic torque production.
It can be deduced from Figure 5 (b) that the armature winding also produces
a magnetic field interaction, that is superimposed on the field produced by the stator
field winding, and is also in space quadrature with the T'f. The resultant cumulative
field interaction will be displaced from its optimal position. This effect can be
cancelled by the positioning of a compensating winding (cc’) that carries current ic =ia, as shown in Figure 5(b).
Figure 5(b) illustrates the current space phasors associated with the field
winding (ij,), compensating winding (), armature winding (i^), and the excitation
flux-linkage space phasor ().
The interactions of the 4^^. with

and

produce the electromagnetic

torque
under both steady-state and transient conditions, that acts against the
armature winding (aa’).
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Im

m

Figure 5(b):

The Space Phasors of the D.C. machine

Under linear magnetic conditions with magnetic saturation neglected, the
instantaneous value of me can be expressed as the vector cross product of the
and
the armature current i^ space phasors such that:
X

where c is a scalar constant . The maintenance of both the 'T,. and the
space
phasors in space quadrature with respect to each other results in a maximum torque
production given by:

m

= cT,/,

(2)

where
and i^ are the magnitudes of the respective space phasors. If
is kept
constant, then niE is controlled by varying i^ , such that a change in the
will result in
a rapid change in me- Thus the main objective in vector controlled A.C. machines is to
be able to implement current control schemes that yield high dynamic performance
which are similar to those used in D.C. motor control.

2.3:

Overview of Permanent-Magnet (PM) A.C. Motors

Permanent-magnet (PM) A.C. motors are polyphase synchronous machines
with permanent-magnet rotors, which are frequently referred to as brushless motors or
D.C. motors. This terminology derives from the similarity of their characteristics to
those of D.C. motors and from the perspective that these motors can be reopened as
inside-out D.C. motors, with their field winding on the rotor and with their armature
electronically commutated by a shaft position sensor for an inverter-fed stator winding
voltage control. The PM motors are similar in performance to synchronous A.C.
motors except that the field windings are replaced by permanent magnets as illustrated
in Figure 6. A speed and position sensor mounted on the rotor shaft is used for control
of the motor. A number of techniques can be used for shaft-position sensing. One
such technique is to use Hall sensing.
The capability of accurate rotor speed and position sensing, and application
of variable-frequency and -amplitude phase excitation to PM motors means that these
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motors are highly controllable and can be made to exhibit a wide range of dynamic
operating characteristics when coupled to appropriate inverter control electronics in
high-performance drive systems. As a result PM motors are now employed in many
applications previously considered to be almost exclusively the domain of D.C.
motors. The distinct advantages associated with PM synchronous motor operation are:
•
•
•

•
•

PM synchronous motors exhibit similar performance to the D.C. machine
without the requirement of mechanical commutation.
They have a robust low inertia rotor construction that permits reliable
maintenance-free operation at high speed.
They have found expanded use in industrial drives due to the availability of
high-energy, low cost neodymium-iron-boron (NeFeB) permanent magnets
[23].
A vector controlled a.c. servo drive using a PM synchronous motor can
provide equal or better performance than that of a d.c. drive.
They can be used in environments prohibitive for d.c. drives.

The drawbacks associated with the PM synchronous motor operation can be classified
as:
•
•
•

The application of a Hall sensor for the purpose of shaft-position measurement
serve to increase the cost and size of the motor.
Hall sensors are also temperature sensitive and limit the operation of the motor
to below 75°C.
They require a variable-frequency current controlled inverter to operate, and
the stator windings require a complex control platform for electronic
commutation of the stator currents.

The use of PM synchronous motors in high-performance ASD sensorless
applications necessitates an accurate determination of speed and position. With
sensorless drive operation the speed and position are not directly monitored, but are
estimated using advanced control techniques such as Kalman or Luenberger
observers; or self-tuning controllers based on Model Reference Adaptive Systems
(MRAS). A predictive current control scheme for a permanent-magnet (PM)
synchronous motor drive is illustrated in Figure 7 [24].
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Current flow into sa, sb,
and sc stator windings

%

Current flow out of sa’,
sb’, and sc’ stator
windings

Stationary Reference Frame

pts:

Direct-Ax is

ps;

Quadrature-Axis
Rotating Reference Frame

3r:

Direct-Axis
Quadrature-Ax is

Figure 6:

Schematic diagram of a three-phase PM synchronous machine.
The arrow indicates the direction of rotor magnetisation.
Permanent-Magnet (PM)
Synchronous Motor

Figure 7:

A predictive control scheme for a PM synchronous motor drive
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2.3-1:

Predictive
Control
Strategy
for
a
Permanent-Magnet (PM) Synchronous Motor
Drive

The predictive current control scheme [24] uses a sampled data approach and
is based on the computation of the inverter voltage vector, ^7^ , using a motor model.
The actual stator currents, Us, Ibs, and Ics are sampled at a constant frequency fs, and
the corresponding current vector, 7^, obtained from the three phase-two axis current
transformation block (Iabcs to laps), at the k-th sampling instant is given by:
2r
2
.W] = I. JaS
h =-[c(*) + «'iW + «
h =isaik) + jisp(k)
'Saik) =

j2n_

where a

is the modulus of the stator current vector, and as is its phase

—^ 3

angle with respect to the real axis of the stationary reference frame fixed to the stator.
The real axis of the stator is denoted by sa. A voltage vector that would minimise the
error between I^ and 7^^^.^ is given by:
OK=RiK+j I K.x -L + EK
where:
Inverter voltage vector

h

Actual current vector at kth sampling instant

/ K+\

Reference current vector at (k+1) th sampling instant
Sampling Period
Stator Inductance
Stator Resistance
motor emf vector

T
L
R
Ek
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2.4:

Overview of Induction Motor General Design Features and
Operation

Most industrial electric machines are three-phase squirrel-cage IM’s [22].
Market analysis shows that 90% of all industrial motor applications use A.C.
induction type motors [25]. A pictorial view of a three-phase IM is shown in Figure 3
(a). The stator is composed of laminations of high-grade steel with slotted inner
surface to accommodate a three-phase winding, and is illustrated in Figure 8(a). This
winding is essentially the same as that for a synchronous generator. The rotor design
varies depending on whether the requirement is for torque or speed control. The most
common is the squirrel-cage rotor winding illustrated in Figure 3(b). The distinct
advantage of the squirrel-cage rotor winding is that its construction does not include
slip rings or carbon brushes, making it effectively maintenance-free. The second type
of rotor winding construction is the wound-rotor. The wound-rotor terminates in slip
rings that are mounted on the rotor shaft. Brushes positioned on these slip rings are
connected externally to a three-phase resistor bank (one in each phase and Yconnected) during the starting period of the motor. The external resistances are
shorted out simultaneously in gradual steps as the motor reaches full speed. Thus the
wound-rotor construction has the advantage of allowing external three-phase
resistances to be added in series with the rotor winding for starting purposes and for
the provision of speed control. The wound-rotor construction is shown in Figure 8(b).
Regardless of the rotor construction employed, the rotor currents in an IM are
induced by the stators rotating magnetic field. It is essential to understand how a
stationary three-phase winding connected to a three-phase voltage source produces a
rotating magnetic field of constant magnitude. The three-phase winding on the stator
and on the rotor (in the wound-rotor type) is a distributed winding. Such windings
make better use of iron and copper, improves the MMF waveform, and smoothens the
torque pulsation produced by the IM. When current flows through a distributed
winding it produces a sinusoidal distributed MMF of constant amplitude and speed in
the air-gap, and will induce a current in the rotor circuit to produce torque. Figure 9
illustrates a cross-sectional view of the IM. Here the stator and rotor coils are
represented by distributed windings, which at every instant in time produce sinusoidal
distributed MMF waves centred on the magnetic axis of the respective phases. The
three-phase stator winding is represented by three concentrated coils, and the axes of
these coils are spaced 120 electrical degrees apart. Coils sasa’, sbsb’, and scsc’
represent all the distributed coils assigned to the phase a-, phase b-, and phase c- stator
windings respectively. Coils rara’, rbrb’, and rcrc’ represent all the distributed coils
assigned to the phase a-, phase b-, and phase c-rotor windings respectively. In Figure
9, Or represents the rotor angle, executed between the direct magnetic axis of the
stator winding sa and that of the rotor winding Dr during rotation. The speed of the
rotor is obtained from the rate of change of Or as the IM shaft angular velocity:

(3)
dt
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8(a)

8(b)
Figure 8:

Three-phase IM.
(a) Stator with three-phase winding,
(b) Wound rotor construction.
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Current flow into sa, sb,
and sc stator windings
Current flow out of sa’,
sb’, and sc’ stator
windings
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Figure 9:

Cross-section of an elementary symmetrical three-phase IM
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2.4-1: Magnetic Field Generation and Electromagnetic Induction
IN AN IM
In this section the rotating magnetic field produced by balanced three-phase
currents flowing in the three-phase distributed stator windings of the IM is examined.
When current flows through a phase coil, it produces a sinusoidally distributed MMF
wave centred on the axis of the coil (sasa’,sbsb’ or scsc’) representing the respective
phase winding. If an alternating current flows through the coil, a pulsating MMF wave
is produced, whose amplitude and direction depends on the instantaneous value of the
current flowing through the winding. Figure 10(a) illustrates the balanced three-phase
currents flowing through the three-phase stator windings. These phase currents are
given by:
coscot
ig = I^ cos{cot -120°)

(4)
(5)

i(^ = Icos{cot - 240°)

(6)

Figure 10(b) denotes the MMF distribution in space at various instants as a result of
alternating current flow (Ia) in the phase a (sasa’) winding. The phase b- and phase cwindings will produce similar MMF distributions, but displaced by 120 electrical
degrees with respect to each other.

sa
Ia

Ib

*c

Current flow into sa, sb,
and sc stator windings

@

Current flow out ofsa’,
sb’, and sc’ stator
windings

Figure 10(a):

Balanced three-phase current flowing through the threephase stationary windings
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Figure 10(b):

MMF distribution at various instants centred on the
magnitude axis of the phase a winding (sasa^) as a result of
alternating current flow (u) in the phase a (sasa’) winding.

Each phase MMF wave can be represented by a spaee vector along the axis
of its respective phase winding, with amplitude proportional to the instantaneous
value of the current flowing. The resultant MMF is the net contribution of the three
component MMF waves rotating together. The next section describes a graphical
method for detennining the resultant MMF wave.

2.4-1.1: Graphical Method Illustrating the MMF Space Wave
Generation
The resultant MMF wave through the three-phase windings ean be
determined by considering the balanced three-phase currents flowing through the
three-phase stator windings at several instants of time as shown in Figure 10(a). At
time t=to these instantaneous currents through the respective phases as per orientation
in Figure 10 (a) are given by:

0
■

_ _[m_

^

(8)

2

"

■

(7)

^M

—

-La.
2

(9)

The respective current directions are illustrated in Figure 11(a). Since the current in
the phase a winding is a maximum (/^ = ), its MMF has its maximum value and is
represented by an MMF vector
Pa = FMAX

having a magnitude given by:
(10)
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The MMF’s of phases b and c are represented by vectors
and
respectively, and
shown in the negative direction along their respective axes in Figure 11(a). The
magnitudes of F^ and F^^ are given by:
pr

_

FMAX
(H)

pr

_

F

max

(12)

The resultant MMF vector magnitude (F^^^) is the net effect of the three component
MMF waves F^, F^ and

respectively, and is given by:
2 ^MAX

(13)

^MMF
the positive direction along the axis of the phase a winding. Thus, at time
t=to the resultant MMF wave is sinusoidal distributed, and centred along the axis of
3
the phase a winding, but having an amplitude — times that of the MMF contribution
of the phase a winding.
At time t=ti the instantaneous currents are given by:
(14)

=0

s

is - 2 F

^/3

ic -

2

F

(15)
(16)

The MMF contributions of each phase winding are represented by vectors F^,

and

F^- respectively, having magnitudes given by:
MAX

(17)

2 ^MAX

(18)

FMAX

(19)

^A ~

s
F

The resultant MMF vector magnitude () is the net effect of the three component
MMF vectors F^, F^ and F^ respectively, and is given by:
MMF

MAX

(20)

The current directions, component MMF vectors, and the resultant MMF vector are
shown in Figure 11(b). Note that the resultant MMF maintains a constant amplitude of
3
— but has rotated counterclockwise by 90 electrical degrees.
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At time t=t2 the instantaneous currents are given by:
C ~ M
h -2

(21)
(22)

(23)

The MMF contributions of each phase winding are represented by vectors

, Fg and

F^ respectively, having magnitudes given by:
~ ^MAX

F

-I
f
2 ^
~

max

~

^MAX

(24)
(25)
(26)

The resultant MMF vector magnitude (F^^^g) is the net effect of the three component
MMF vectors F^, Fg and

respectively, and is given by:
2 ^max

^MMf

(27)

The current directions, component MMF vectors, and the resultant MMF vector are
shown in Figure 11(c). Note that the resultant MMF maintains a constant amplitude of
3
— but has rotated counterclockwise by 180 electrical degrees.
At time t=t3 the instantaneous currents are given by:
(28)

=0
■

M

M

(29)
(30)

The MMF contributions of each phase winding are represented by vectors F^ , Fg and
respectively, having magnitudes given by:
^A ~ ^MAX

(31)

^/3^
2

^MAX

(32)

F -^F
Fc-^F.
MAX

(33)

The resultant MMF vector magnitude (F^^g) is the net effect of the three component
MMF vectors F^ , Fg and
^MMF

respectively, and is given by:
2 ^max

(34)
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The current directions, component MMF vectors, and the resultant MMF vector are
shown in Figure 11(d). Note that the resultant MMF maintains a constant amplitude of
3
— but has rotated counterclockwise by 270 electncal degrees.
At time t=t4 the instantaneous currents are given by:
(35)

C ~ ^M

1
h

(36)
1

^Im

A-

(37)

The MMF contributions of each phase winding are represented by vectors

and

Ff. respectively, having magnitudes given by;
PA =

^MAX

(38)

1 (39)
1 ^
2 ^MAX

(40)

The resultant MMF vector magnitude () is the net effect of the three component
MMF vectors F^ , F^ and
MMF

respectively, and is given by:
2

MAX

(41)

The current directions, component MMF vectors, and the resultant MMF vector are
shown in Figure 11(e). Note that the resultant MMF maintains a constant amplitude of
3
— but has rotated counterclockwise by 360 electrical degrees. In one cycle of current
variation (tO to t4), the resultant MMF wave arrives back at the starting position of
Figure 11(a). Thus as time passes the MMF wave maintains its sinusoidal distribution
3
in space with a constant amplitude of — and moves around the air-gap. The
revolutions per minute nsYNc (rpni) of the travelling MMF wave in a /?-pole machine
at the stator excitation frequency// cycles per second is given by:

_

^SYNC ~

_120*/,

f\ ~

(42)

Note that an apparent rotating magnetic field is produced without physically rotating
any magnet, and all that is necessary for its generation is to pass a three-phase a.c.
current through the three-phase distributed stator windings.
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Magnetic axis of
Phase b winding

Magnetic axis of
base a winding

Magnetic'axis of^
Phase c winding

11(d): t=t3

a-axis

b-axis

2.4-2: Induced Voltages in the Stator Windings
In the preceding section it was shown that when balanced three-phase a.c.
currents flow through three-phase distributed stator windings, a sinusoidally
distributed MMF wave rotates in the air-gap of the machine. This effect can be
visualised as one produced by a pair of magnet, for a p-pole machine, with the
sinusoidally distributed MMF wave (flux density) rotating in the air-gap having a
peak along the centre of the magnetic poles, as illustrated in Figure 12, The rotating
field will induce voltages in the stator phase windings sasa’, sbsb’, and scsc’. Using
Faradays law of induction expressions are determined for these induced voltages.
The flux density distribution in the air-gap is given by:

=
The air-gap flux per pole,

cosier)
T'agp is

(43)

expressed as:
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= \B(er)lrder

(44)

Where / is the axial length of the stator, and r is the radius of the stator at the air-gap,
0r is the rotation angle around the inside periphery of the stator from the magnetic
axis of phase a. As the magnetic poles rotate the flux-linkage of the coil will vary, and
this is evident from Figure 12. For example the flux-linkage for an N turn coil sasa’ is
a maximum at cot=0°, zero at cot=90°, and a minimum at cot=180°. Thus the fluxlinkage for coil sasa’ I:^A(oJt) varies as the cosine of the angle cot. The flux-linkages for
coils sash’ and scsc’ will also vary as the cosine of the angle cot, but phase-shifted
from each other by 120 electrical degrees. The flux-linkage for the balanced
distributed three-phase windings in a two pole machine is given by:
^{cot) = NAI^^p cos(ft>0

(45)

{cot) = NAI^fjp co?,{cot -120°)

(46)

{cot) = NAI^^p cos{cot - 240°)

(47)

where N represents the total number of series turns per-phase. From Faradays law the
voltage induced in the phase a winding is expressed as:

E,= -

iH',
= coNAIsin(cyr)
dt

(48)

The voltages induced in the phase b- and phase c-windings are similar to that of the
phase a winding, but displaced from each other by 120 electrical degrees with respect
to each other, and are given by:
=

dt

sin(cur -120°)

(49)

sin(cu/-120°)

E^=------ ^ = coNA> AGP sin(cu^ - 240°)
dt
^c=^waxSin(cu/-240°)

(50)
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Current flow into sa, sb,
and sc stator windings

(§) Current flow out of sa’,
sb’, and sc’ stator
windings

Axis of
phase a

Figure 12:

Air-gap flux density distribution

The rms value of the indueed voltage per-phase is expressed as:
p

F

_ ^MAX

RMS'DkyfC

F
=
^ RMS

com AGP

42

42

27f,*N*'V,„,

42

(51)
= 4A4f*N * 'r AGP

where // is the stator excitation frequency in hertz, and 'Fagp is the air-gap flux per
pole. In an actual A.C. machine each phase winding is distributed in a number of
slots to make better use of iron and copper and improve the MMF waveform. For such
distributed windings, the emf s induced in each phase winding in different slots are
not in time phase. Consequently a reduction factor kwiNoiNc is applied. For most threephase windings kwiNoiNC is about 0.85 to 0.95 [6,26]. Thus for distributed phase
windings, the rms voltage per phase is given by:
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E

^ RMS

AGP

=

WINDING

V2
■
where Nstp is the number of series turns per-phase

WINDING

(52)

2.4-3: Running Operation
The operation principle of the IM can be viewed as follows. If the stator
windings are connected to a three-phase supply, and the rotor circuit is closed, the
induced voltages in the rotor circuit will produce rotor currents that will interact with
the air-gap field to produce torque. And in accordance with Lenz’s law, the rotor
rotates in the direction of the rotating stator MMF field such that the relative speed
between the rotating field and the rotor winding decreases. The rotor will eventually
reach a steady-state speed nss that is less than the synchronous speed nsmc at which
the stator MMF field rotates in the air-gap. The steady-state speed nss has to be less
than the synchronous speed iisync to maintain rotor motion otherwise there will be no
induced voltage and current in the rotor circuit at nss ~ ^sync- The difference between
nss and nsYNC is defined as the slip, and is expressed as:
'^SYNC

Su,=

- n ss

(53)

'■SYNC

The frequency f2 of the induced voltage and current in the rotor circuit corresponds to
the slip frequency, since this is the relative speed between the rotating stator field and
the rotor circuit. The slip frequencyis given by:
/: =

OhYNC

120

^hs)

(54)

P represents the number of pole pairs.
where nss and /i^rvcare in rpm units, and -y
From eqt. (53)
c LIP * "SYNC

"SYNC

" SS

(55)

Substitution of eqt. (55) into (54) gives/2 as a function of Slip:
n
/: = P * ‘-’LIP * '’SYNC
120

(^^)

Substitution of eqt. (42) into eqt. (56) enables f2 to be expressed as:

f2=S,„*f,

(57)

The voltage induced in the rotor circuit at slip Slip is given by:
F

^ISLIP

F

=4 44/'*yv*T'
k
^ AGP * '^WINDING
*
/■
*
A2
*
VU
* D
- 4 44 *

^ISLIP —

‘J/

J\

'^2

(58)

^AGP

E
_ C
* J7
^2SLIP
‘-’lip
^2SS

where E2ss is the voltage induced in the stalled rotor circuit at the stator frequency//.
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2.5:

Modes of Operation of the Induction Machine Drive
The induction machine can be operated in three modes as follows:
• Motoring
• Generating
• Plugging/Braking
To aid understanding of these three operational modes, consider an induction machine
mechanically coupled to a D.C. machine, as illustrated in Figure 13.
Case 1:

Plugging /Braking(Slip>1)

When the slip is greater than unity, the direction of mechanical rotation of
the D.C. motor is opposite to that of the stator rotating magnetic field, as shown in
Figure 14(a). The developed electromagnetic torque is in the same direction as the
stator rotating magnetic field, and is trying to reduce the speed of the D.C. machine.
Braking in this manner is carried out in applications such as traction, hoists, and
cranes. This action is achieved by switching two lines of the three-phase supply at the
motor terminals, because, in this way, the travelling wave pattern is reversed. This
braking action is called plugging. Too frequent plugging causes overheating, because,
with the slip greater than unity, the equivalent circuit rotor impedance is low and the
current is high.
Case 2:

Generating (Slip<0)

The rotor has to be driven above synchronous speed for the slip to be
negative. Thus the D.C. motor can be adjusted so that the speed of the system is
higher than the synchronous speed, and the system rotates in the same direction as the
stator rotating magnetic field, as shown in Figure 14(b). In this case the induction
machine will produce a generating torque, acting opposite to the direction of rotation
of the stator travelling magnetic field. An induction generator is used in special
applications, where the induction machine drive has varying speed. The induction
machine can be connected to a utility, for speed stabilisation [26], in wind and sea
electricity generation. The utility provides the excitation for the machine, so it does
not matter at what speed the machine runs.
Case 3:

Motoring (0<Slip>1)

This is the region in which the induction machine behaves like a motor. The
motor speed of rotation is between standstill (Si.ip=l) and synchronous speed (Slip=0),
and is in the same direction as the stator rotating magnetic field The steady-state
speed is less than that of the synchronous speed, as shown in Figure 14(c). The
resultant motor torque-speed profile is shown in Figure 15 will be discussed in the
next section.

Figure 13:

IM mechanically coupled to D.C. Machine
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Figure 14(b):

Generating mode of Operation
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2.6:

Equivalent Circuit Modet of Induction Motor
Development of an equivalent circuit model enables the IM performance
characteristics to be studied and predicted with reasonable accuracy. While the model
is relatively simple in its development, it can be very useful. One advantage of the
motor equivalent circuit model is the ability to look at variables that are difficult or
impossible to measure, such as the rotor currents in a squirrel-cage IM [27]. The IM
model considered in this section is based on a typical machine. The effective turns
per-phase are Ni and N2 and the number of phases are P| and P2 for the stator and
rotor circuits respectively.
Heat loss from the stator winding is accounted for by the lumped resistance
parameter Ri ohms per phase in series with an ideal coil [26]. The power dissipated in
the stator circuit is given by
All stator flux not involved in the mutual coupling
with the rotor is associated with the leakage reactance Xls- Thus the leakage
impedance Z\ of the stator winding is expressed as:
LS

(59)

Figure 16 depicts the equivalent circuit model with the leakage impedance of
the stator winding. This circuit is based on per-phase quantities, and it is assumed here
that the turns ratio is unity (Ni= N2), and also that the number of phases on both sides
of the air-gap are the same (Pi= P2). The stator circuit accounts for parameters at the
supply frequency (/)), and the rotor circuit parameters are associated with the slip
frequency {[2). To simplify this circuit and subsequent analysis the rotor parameters
are referred to the stator. The leakage reactance Xlr and the leakage impedance Z2 of
the rotor winding at the slip frequency f2 are given by:
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^LR
fi =Sup*fx
^LIP^LR ^ ^ ^L/P J\
co = 2*7r*f,
c y _ c UP * rn*
t
^LIP^LR
^
^LR
^2 ~ ^R

^ LR

at unity slip

(60)

J^LIP-^LR

where Rr, Lrr represent the per-phase rotor-resistance and -leakage inductance perphase respectively, and
represents the leakage reactance of the rotor at the
slip frequency (/i). The rotor current per-phase I2 is expressed as:
y

9

V
F
_ ^LIP^ISS

F

^ LIP^ISS

Z.

^R

UP ^

at unity slip

(61)

LR

where E2SS represents the emf induced in the rotor circuit at standstill (at the stator
frequency-//), and is given by:
F
=
^2SS

/2Z2

IjiRpjS
S UP

'UP

(62)

R.
'UP

E2SS when referred to the stator circuit is given by:
Ejss

=4.44/,

AGP

WINDING 2

(63)

E2ss’ represents the voltage induced in the rotor winding when referred to the stator
circuit, and kwiNDiNG2 represents the reduction factor for the distributed rotor
windings. The voltage induced in the rotor circuit at slip Sup is expressed as:
'2 SUP

= AAAf,*N,*W,^,*k WINDING 2

'2 SUP

WINDING 2

r
— v UP * ^2SS
/7
^2SUP

E...=AAA*f,*N,*W,,,*k
'2SS
WINDING 2
=4.44/ *7V,
F ' —
^2SS
~

.r

^2

*

AGP

(64)

jjc 1
^WINDING!

F
^2SS

The rotor current per-phase I2 when referred to the stator circuit is given by:

^

N.

^

(65)

It is now possible to rewrite eqt. (62) with respect to the transformed values of E2SS
and I2 as per eqt. (66):
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F
‘^ISS

= ^/ 2

R

- + J^u

V ^ 1.1r

F ’-^F
^2SS ~ .r ^2SS
^2

iV,
A',

R.

«/=

(66)

N,
* F
yFj ^ /./?
/r
^2SS

R,
kFj

v"2y

E
-I^2
^2SS

V ^up

+

'UP

v^y jx LR

+ jX LR

where Rr , Llr represent the per-phase rotor-resistance and -inductance when referred
to the stator circuit. The total no-load loss must now be taken into account. This loss
associates the core and iron losses due to hysteresis and eddy currents with the
mechanical losses due to windage and friction. A core loss resistance Rc across the
magnetising reactance Xm satisfies the modelling condition that these losses are
independent of load. The branched current can now be defined as the exciting current
I(j), whose components are the magnetising current Im, and the core loss current fr.

X LS

Rs

Xlr

Vm

J V

J V V V v

0-AVv-

y y'

T
Stator Supply Voltage
V|@ line frequency,//

I
Rc

Ic
Magnetising
Branch

0

A

)

R.
Xrri
> Rr /Slip
(Rr /Slip)-(1-Slip!^>

-

AO

Figure 16:

IEEE Equivalent Circuit Model of Single-Phase IM
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2.6-1 Induction Motor Power Transfer Considerations
The power dissipated in the rotor circuit which represents the rotor copper loss per
phase is given by:
P2-I2'Rr

(67)

The per-phase power associated with the IEEE equivalent circuit of Figure 16 is
expressed as:
P =I 2 R.'

S' UP

P.
(68)

S' UP

Since IM’s are operated at low slip values (typical values of slip are 0.01 to 0.05),
then the power associated with the equivalent circuit of Figure 16 is quite large.
Equation (68) denotes the power that crosses the air-gap, and consequently includes
the rotor copper loss and the mechanical power developed. Equation (68) can be
rewritten as follows:
= 1. 2 Rr'

P = PAIRGAP =I^ 2 '
■'

^

S'
^LIP

^LIP

P2
S'^LIP

(69)

RP
The speed dependant resistance —results in the mechanical power
S,'UP
developed by the IM, which is given by:
P

^ MECH

= I 2 ‘ ^(1-■?„,)
'UP

'UP

(70)

P - S' P
^2 ~ ^ UP ^ AIRGAP

Thus of the total power crossing the air-gap {P^irgap)-' ^ fraction Slip is dissipated in
the resistance of the rotor circuit (^2)’
remainder (1-Slip) is converted into
mechanical power ( P/^egh )• This can be expressed mathematically as:
p

. p . p

^ AIRGAP • ^ 2 ■ ^ MECH

-1-<S
-l-^*
“ ^
Z./P • ^
^ LIP

(71)

For efficient operation of the IM, eqt. (71) indicates that it must be operated with a
low value of slip, and consequently most of the power crossing the air-gap will be
converted to mechanical power. However, not all of this mechanical power will be
available as shaft output power, since a portion will be lost to overcome friction and
windage.

2.6-2: Thevenin Equivalent circuit of Induction Motor
In order to simplify computations, Vi, Rs, Xls, and Xm can be replaced by
the Thevenin equivalent circuit values of Vthev, Rthev, and Xthev respectively. The
Thevenin equivalent circuit is shown in Figure 17. The Thevenin \'oltage Vthev is
given by:
AM
THEY

*T.

(72)
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If it is the case that

{{{^m + ^ls ) then eqt. (72) can be rewritten as:
M

V,

THEY

(73)

The Thevenin impedance Zjhev is expressed as:
jX^iR,+jX^)

Z THEY
^THEY

^THEY

(74)

THEY

where Rj^^y

^they denote the Thevenin resistance and reactance respectively.
2
7
Again if the condition R^ {{{^m + ^ls ) satisfied then Rj^^y is given by:
XM

R THEY

V ^ LS "t" ^ M

Since in general

m then
Y

R.

(75)

j

Xj^^^y is expressed as:
(76)

~ Y

^ THEY — ^ LS

Xthev

Rthev

I2
-►

o—VVv-

_Xlr_

J~'V V~\'

t
Thevenin Supply
Voltage Vthev(^
line frequency//

Rr /s LIP

Xm

I

Air-gap

n-----Figure 17:

Thevenin Equivalent Circuit of IM

2.6-3: Induction Motor Performance Characteristics
The equivalent circuits used in the preceding section are used to predict the
performance characteristics of the IM. The mechanical torque developed (Emech) perphase, for the squirrel-cage IM is given by:
1

rMECH

^SYNC

^ AIRGAP

The synchronous speed ^y^rvc^nd the air-gap power
COSYNC

p
_
AG

A/^ -

(77)
are expressed as:

1204*2^=4^.

60p
p
^ MECH

\-s

(78)

LIP

Recall that the per-phase air-gap power P^„^c^p from eqt. (69) is given by:
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_ ^2
p-pAIRGAP~^2
-r R,+^{\-Sj _ r22_^
^
V

(79)

^

^LIP

^LIP

^LIP

Referring the rotor circuit parameters to the stator allows eqt. (77) to be expressed as:
1
MECH

„
AIRGAP

CO,'SYNC

PAIRGAP = P 2 2 a:
5' UP

■'

''

r

A MA ECH

The expression for
given by:

_

(80)
R\

1
CO SYNC

^ UP

with respect to the Thevenin equivalent circuit of Figure 17 is
2
THEY

/'
^ 2 =

R'

{RtHEV + ^7^)^ + i^THEV +

LR )

(81)

'UP

For a three-phase squirrel-cage IM, with appropriate substitution of eqt. (81), into eqt.
(80) the developed electromagnetic torque is expressed as:
*yjL

THEY
MECH
^SYNC

R'
J
S UP

(D

I_______ ^2

y^^THEY ^^

A- Y'

/

C

^ y^ they ^ ^ LR )

V

^ LIP

(82)

At low values of slip
R-THEY

R'

THEY

R\

^ LR

s

'UP

THEY

(83)

UP

Thus eqt. (82) can be rewritten as:
3___* Vthey

FMECH

^SYNC

R R

^

(84)

UP

At low values of slip the linear torque-speed relationship is very evident in Figure 18
near the synchronous speed. At larger values of slip:
R'

RpHEY

s

((^THEY

^ LR

(85)

UP

Thus eqt. (82) can be rewritten as:
3

______

MECH

CO SYNC

V

5(5______________ ^ THEY
THEY

^ LR^

^R'r
^

(86)
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From Figure 18 its can be seen that the torque varies inversely with slip near Slip^I.
Eqt. (82) indicates that at a fixed value of slip Slip the torque varies as the square of
the supply voltage. A set of torque-speed characteristics for various line voltages is
depicted in Figure 18. An expression for maximum torque is obtained by
differentiating eqt. (82) with respect to the slip Slip, and setting the result to zero.
Thus the condition for maximum torque is given by:

iR

‘-’LIPrMAX

The slip

Slipfmax

THEY

i^THEV

^ Lr)

(87)

at which maximum torque Tmax occurs is expressed as:

S,URYMAX

R\
^^THEV

THEY

^ LR )

(88)

The maximum torque per-phase (Tmax) is then given by:
THEY
MAX

2(0 SYNC

^THEY

THEY

+ (A THEY

(89)

Eqt. (89) indicates that the Tmax developed by the IM is independent of the value of
rotor circuit resistance {R\). However from eqt. (88) the slip (Sliplmax) at which
maximum torque Fmax occurs is dependant or\R\, and consequently the speed at
which Tmax occurs will be influenced hy R\. Consequently any variation in R\ will
ultimately affect Fmax-

Figure 18: IM Torque-Speed Profile at different voltages
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2. 7 :

Introduction to Speed Control
In this section various methods for controlling the speed of an IM are
discussed. These methods include pole changing, line voltage control, line frequency
control, etc.

2.7-1: Pole Changing
Since the operating speed of the IM is close to the synchronous speed, the
speed of the IM can be changed by adjusting the number of poles of the machine.
From eqt. (42) the revolutions per minute nsvNC (rprn) of the travelling MMF wave in
a p-pole machine at the stator frequency// cycles per second is given by:
^SYNC ~

2_^,. 120*/,
f\ ~

(90)

The number of poles can be changed by adjusting the coil connections of the stator
winding. Poles can be changed in the ratio two to one, and thus nsvNc- This method
provides two synchronous speeds. If two independent sets of polyphase windings are
employed, with each arranged for pole changing, four synchronous speeds can be
obtained for the IM. Squirrel-cage IM’s can be used for this scheme, since the rotor
can operate with any number of stator poles. However the speed can be only changed
in discrete steps and such changes to the stator winding serve to increase the cost of
the IM drive.

2.7-2: Line Voltage Control
A set of torque-speed characteristics for various line voltages is depicted in
Figure 19. The rotor drives a fan load, and the speed can be varied over the range nl
to n2 by changing the line voltage. The line voltages can be changed by use of a threephase auto-transformer or a solid state voltage controller illustrated in Figure 20 (a).

The auto-transformer provides a sinusoidal motor line voltage for the IM,
whilst the solid state voltage controller provides a non-sinusoidal line voltage. The
solid state controller is used primarily with small squirrel-cage IM’s driving fan loads.
The thyristor voltage controller is shown in Figure 20(b), and its operation is
described as follows. The command signal for a particular speed fires the thyristors at
a particular firing angle (an) that will provide the required line voltage to the IM. If
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the speed eommand signal changes, then the firing angle (an) also changes, thus a
new line voltage command is supplied to the IM.
However if precise speed control is desired for a particular application then
open-loop operation is not satisfactory. For such an application closed-loop operation
is required. Figure 20 (c) illustrates an example of a drive system incorporating
closed-loop operation, which can be described as follows. If the motor speed nss
decreases then the difference between the set speed nsET and the motor speed nss
increases. This speed error command noiFP changes the firing angle of the thyristors to
increase the line voltage supplied to the IM. This change causes an increase in torque
that will tend to restore the motor speed nss to its original value.

20(a): Auto-transformer voltage controller

20(b): Solid State voltage controller
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20(c): Closed-loop operation of voltage controller
Figure 20:

Starting and speed control.

2.7-3: Line Frequency Control
From eqt. (42) the motor speed risvs and hence the synchronous speed usync
can be varied by changing the frequency // of the supply [2]. Application of this type
of speed control requires a frequency changer. Figure 21 depicts a block diagram of
an open-loop speed control system in which the supply frequency of the IM is varied.
The operation of the controlled rectifier and the inverter is described in chapter 4.
From eqt. (44) the air-gap flux per pole T^agp is given by:
'T
1

A r'n
AGP

=
—
—

(91)

where is the voltage induced in the stator winding as shown in Figure 17. When the
voltage drop across the stator impedance
and
is small when compared with
the voltage F, supplied to the stator winding then:
F, = E,

(92)

Thus eqt. (91) can be rewritten as:
F,
1

A/^n —
AGP
—

A

(93)

To avoid high saturation in the magnetic system, then the supply voltage F, must be
varied in proportion with the excitation line frequency /. This type of control is
known as constant volts per hertz (V/f) operation, and it is a control scheme that is
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implemented in this thesis as an example of a typical scalar control method. At low
frequencies (below /base), the voltage drop across the stator impedance (and
)
is small when compared with F, and consequently eqt. (92) can be invoked. To
maintain the same air-gap flux density

V

then the ratio —is increased for lower
f\
frequencies. The torque speed characteristic r=f(cOnj) depicted in Figure 22 can be
divided into two regulation zones namely
T'agp

• Constant Torque
• Constant Power
In the first regulation zone, it is required to have stator and rotor current limitation for
overloading purposes. This is achieved by minimisation of the following norm:
(94)
where

represents the error associated with the stator flux, which can be

thought of as the norni of the difference between the reference stator flux vector

|

and the associated stator flux vector
In the second regulation zone constant
power is maintained on the motor shaft by decreasing the flux and the main
requirement of the control system is to reduce the induced voltage of the machine,
with normalised value:
£,

<1

(95)

Points A and B in Figure 22 denote constant torque and constant speed. At the base
frequency /base, the machine terminal voltage V i is the maximum that can be obtained
from the inverter. Below /base, the air-gap flux is maintained constant by changing V i
with the line frequency //, resulting in maximum available torque. Beyond /base, since
Vi cannot be further increased with frequency, the air-gap flux and the maximum
available torque decreases. This region is known as the field-weakening zone, and this
corresponds to the field-weakening control scheme used with D.C. motors. Constant
horsepower operation is possible in the field-weakening region.

Figure 21:

Open-loop speed control of an IM by input voltage and
frequency control
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Figure 22:

Torque-speed characteristics of an IM with variablevoltage, and variable-frequency control
2.7-4: Closed Loop Control
Figure 23 shows a closed-loop block diagram of a speed control system that
employs slip-frequency regulation and constant volts/hertz (V/f) operation. At the first
summer junction the difference between the set speed nsET and the actual speed hact
represents the slip speed nsup- If the slip frequency y} approaches the breakdown
frequency its value is clamped to ensure high efficiency and high power factor. At the
second summer the actual frequency [act is added to the slip frequency [2 which
defines the stator frequency //. The function generator provides a signal such that a
voltage is obtained from the controlled rectifier to ensure constant volts-hertz (V/t)
operation.
0Three-cj)
Supply

Controlled
Rectifier
(ac-dc)

•’ 'V Y * 1_______
ZV,

Voltage
Source
Inverter
(VSl)

1 V,

33

Tach

=

Hact

Function
Generator

1

^2

^ HSLIP
^

Slip-frequency
Regulator

Figure 23:

j

1

uset

Speed Control system employing slip-frequency regulation
and constant V/f operation
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If the slip frequency fj is kept constant, then the torque developed by the IM
is proportional to the square of the input current. This can be proved from analysis of
the Thevenin equivalent circuit of Figure 17 as follows:
'

jX M

-------

RC

^ UI P

(96)

{Xm)'-

I2 ' =
^ LIP

From eqt’s. (78 and 80):
CO SYNC

r

60p

3
MECH

P

(97)

.

CO,'SYNC

S,
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Combining eqt’s. (78, 80, and 96) then the mechanical torque developed is given by:
TtpLf^ I 1 *

/2

MECH

1+

2k

+T^/)/2

(98)

Rr
If in eqt. (98) fj remains constant then:
r
oc / ^
^ MECH ^ ^ 1

(99)

2.7-5: Constant-Flux Operation
To achieve high torque throughout the speed range, the motor air-gap flux
per pole 'F'agp should be maintained constant. T'agp must not be allowed to decrease
at low frequencies as a result of an increase in stator resistance. From eqt. (91) T'agp
is proportional to E]//!, and it can be maintained constant if the voltage drop Ei across
the stator impedance (i^^and X^^) is varied linearly with the stator frequency f\. If
the rotor frequency^2 is maintained constant, then the torque developed by the IM is
proportional to the square of the flux in the air-gap. This can be proven from an
analysis of Eigure 17. Erom Eigure 17:

(100)
*3

1

'UP

Combining eqt’s. (80 and 100) then the mechanical torque developed is given by:

r

MECH

P_* (—)' *
AkR,' /.

l+(

h
l^L LR

\2

(101)

R,
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If in Eqt. (101)/2 remains constant then

r

E

MECH

= (^ ..f'-E
' oc 'E
J\

(102)

depends on the ratio (—-) which
f\
from eqt. (91) is proportional to the air-gap flux Tagp- From eqt. (101) the EM
depends on the air-gap flux 'F'agp and the rotor frequency^2mechanical torque
Under constant-flux operation, for maximum torque considerations then:

From eqt. (102) the IM mechanical torque

dE,

'iiLK^n

df.

=0
___ f\

(103)

From eqt’s. (101 and 103):
BD^LR ~

(104)

/bd is

defined as the rotor breakdown frequency at which maximum torque is
developed, and from eqt. (104):
J BD

IkL LR

(105)

where Rr , Llr represent the rotor-resistance and -inductance per-phase respectively
when referred to the stator circuit.

2.7-6 Adjustable speed control of Pulse-Width Modulated
Voltage Source Inverter Drives
In VSI drives of both PWM and square wave type, the speed can be
controlled without a speed feedback loop, where there may be a slower acting
feedback loop through the processor controller, as is illustrated in Figure 24. Here the
frequency /of the inverter output voltages are controlled by the input sneed reference
signal coref. This input speed command is modified for protection and improved
performance, and the required control inputs to the PWM controller {cos or f U) are
calculated. The control signals (uas, ubs, ucs) can be calculated from the / and U
signals, and through knowledge of the dc link voltage (Ud) and thyristor voltage
utriac-

A synchronous PWM must be employed. This requires that the switching
frequency Fs varies in proportion with the modulating signal frequency Fm- To keep
Fs close to its maximum value there are jumps in carrier frequency synchronisation
ratio parameter r and, hence in Fs as Fm increases. This is illustrated in Figure 25. To
prevent jittering at frequencies where jumps occur, hysteresis must be provided. For
protection and better speed accuracy, current and voltage feedback can be employed.
These signals are required for starting/stopping of the drive, to limit the maximum
current through the drive during acceleration/deceleration or under heavy load
conditions, and to limit the maximum dc link voltage during braking of the IM.
Because of the slip the IM operates at a speed lower than that of "he synchronous
speed. It is possible to approximately compensate for the slip speed, which increases
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with torque, without measuring the aetual speed. A voltage boost is required at low
speeds. To meet these objeetives, the motor eurrents and Ud aeross the eapacitor are
measured.

Figure 24-Speed Control Circuit. Motor speed is not measured

Figure 25-Switching frequency {fs) versus the modulating frequency ifm)
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CHAPTERS: Space
Phasor Theory
with
Application to Induction Motors
This chapter addresses the pertinent issues of transformation of the threephase stationary circuit elements of voltage, current, flux linkage etc. to an arbitrary
two-axis reference frame for the purpose of field oriented control. Transformation
between reference frames and the introduction of a special reference frame serves to
provide the basis for field oriented veetor control. Here the stator current components
are transformed to a special reference frame where they are separated into a fluxproducing current component and a torque-producing current component. As a result
of this control algorithms can be developed for the IM ineorporating the vector
control principle that will allow the IM to be controlled in a manner similar to that of
the conventional D.C. machine. It combines the transformation theory with the IEEE
equivalent circuit model of the IM of chapter 2 to develop a mathematical model of
the IM in the a-p stationary reference frame (s). This modified form of the IM model
enables simulations to be easily performed in the Matlab/Simulink software
environment. The basis for vector control of IM drives is intrcduced, as are the
reasons why vector controlled IM drives now dominate high-perfonnance industrial
applications. The rotor flux-oriented control method is presented as the preferred
option of vector control in IM.

3.1:

Introduction to Space Phase Theory for IM Control

In order to understand how the IM can be controlled in a manner similar to
that of the conventional D.C. maehine it is necessary to use space phasor theory in the
IM equivalent circuit model. For the purpose of understanding and designing torque
controlled drives, it is necessary to have an accurate dynamic model of the machine,
which is subjected to control. Such a model must incorporate all the essential dynamic
effects occurring during steady-state and transient operation. Sueh a model, which is
valid for any instantaneous variation of voltage and current, and whieh adequately
describes the performance of the machine under both steady-state and transient
operation can be obtained by the application of space phasor theory. In order to derive
the IM mathematical model in the a-P stationary reference frame (s). the relevant eoordinate transformation methods will be described in this section.
For simplicity, a smooth air-gap IM with symmetrical two-pole, three-phase
windings is considered. Figure 26 illustrates the cross sectional view of the IM. Here
the stator and rotor coils are represented by distributed windings, which at every
instant produce sinusoidal distributed MMF waves centred on the magnetic axis of the
respective phases. The three-phase stator winding is represented by three eoneentrated
eoils, and the axes of these coils are 120 electrical degrees apart. Coils sasa’, sbsb’,
scsc’, represent all the distributed coils assigned to the phase-a, phase-b, and the
phase-c stator windings respectively. Coils rara’, rbrb’, rerc’, represent all the
distributed coils assigned to the phase-a, phase-b, and the phase-c rotor windings
respectively. In Figure 26, Or represents the rotor angle between the direct magnetic
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axes of the stator winding (sa) and that of the rotor winding (Dr). The motor shaft
angular velocity speed is obtained from the rate of change of 0r as:
CO. -

dO^
dt

(106)

Current flow into sa, sb,
and sc stator windings

(§)

Current flow out of sa’,
sb’, and sc’ stator
windings

cor

Stationary Reference Frame

las:

Direct-Axis

Ps:

Quadrature-Axis

Rotating Reference Frame

Dr:

Direct-Axis

^r:

Quadrature-Ax is

Figure 26:

Cross-section of an elementary symmetrical three-phase
induction machine

The stator windings are fed from a balanced three-phase a.c. supply voltage that
induces current in the short-circuited rotor windings by the process of induction. The
three-phase stator voltage equation in the a-p stationary frame (s) is expressed in
vector form as:
(107)
dt
Where U/^, and 4^^are the instantaneous voltage, current, and flux-linkage space
vectors in the a-p stationary reference frame (s). It is possible to implement the space
phasors by utilising two-axis theory based on the transformation method originally
used by Parks. The Parks transformation serves to eliminate the time varying
inductance terms associated with rotor saliency in the voltage equations of the
synchronous machine, by transforming the variables associated with the stator
windings such as current, voltage, flux-linkage, to the variables associated with the
fictitious rotor windings [9]. Here the stator variables are in effect transformed to a
fixed reference frame locked to the rotor. The space phasor quantities relating to the
stator-currents, -voltages, -flux-linkages can be defined as phasors whose real part is
equal to the instantaneous value of the direct-axis stator-current, -voltage, -fluxlinkage components, isa(t), usa(t), (psa(t) respectively, and whose imaginary part is
equal to the quadrature-axis stator quantities, isP(t), usp (t), (psp(t) respectively. Thus
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the stator-current, -voltage, -flux-linkage space vectors in the a-p stationary reference
frame (s) can be expressed in terms of their real and imaginary parts as:
^S ~ ha

Jhp

^S ~ ^Sa

J^sp

(108)
(109)
(110)

■*'7 ¥ SP
The change of variables that formulates a transformation from the three-phase co
ordinates to the two-axis a-p stationary reference frame (s) is given by:
Sa

fapOS ~

(111)

fABCS

where
ifa/IOSy =\faS

fm

fos]

(112)

(fABCsY =\fAS

fss

fes]

(113)

and the Parks transformation matrix Ks is expressed as:
cos(^)
- sin(^)
' =3
1

cos(^ -

2;r
COS(^ A-

T"

2;r
^-)

In
- sin(^ - 3 ^

'In
-sin(<9-h^)

1

1

2

2

2

(114)

(115)

r

with 9 - ^co{T)dT + 6^

In eqt. (115) t is a dummy time variable of integration and 0o is its initial
condition. ft>(r) is the angular velocity of the a-P stationary reference frame (s). The
2 .
.
,
constant — m eqt. (114) is chosen such that the inverse matrix (Ks) is:

(Ks

y

=

cos(^)
2;r
cos(<9 - —)

- sin(^)
1
'In
-sin(6>—1

cos(<9 + ^^)
3

'In
- sin(^ + —)
3

(116)

1

In the above equations, / can be used to denote voltage, current, flux-linkage, or
electric charge. The trigonometric relationship between the transformed variables is
depicted in Figure 27, which illustrates how the as and ps axes follow a direct path
orthogonal to each other, whilst the as, bs, and cs axes follow a stationary path
displaced from each other by 120 electrical degrees. It should be emphasised that the
transformation does not contain the zero-sequence component, this is assumed to be
zero for balanced three-phase conditions. In Figure 27 if 0 is zero then the variable fas
is aligned with fas.
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Figure 27:

Transformation for stationary circuits portrayed by
trigonometric relationships

Although the wavefonns offas and fPs are dependent upon the angular velocity Q){t)
of the frame of reference, the waveform of the total power is independent of the frame
of reference. Thus, the transformation is power-invariant. The total instantaneous
power in the abcs variables is expressed as:
^ABCS ~ ^ AS ^AS

^

^BS

^ C5 ^CS

^ ”7)

The total power expressed in the apos variables can be expressed by substitution of
eqt. (Ill) into eqt. (117) as follows:
P
= pABCS
(118)
^ apOS
^apOS ~ T^^aS^aS ■*" ^PS^pS

'^^^Qshs )

Here the factor — comes about due to the choice of Ks used in the transformation of
2

eqt. (114). Generally it is suggested that the Ks used in eqt. (114) should be changed
to allow {K^ = {K^ )~’. This condition is fulfilled if:
cos(6')

cos(6> -

- sin(^)

- sin(6> -

1

1

Tf

7?

Itt

T

cos(^ -h ■^)
- sin(6' -1-

(119)

1

n

The stator supply voltages are now considered and the transformation relations
between the as, bs, cs axes and the sa and sp axes illustrated in Figure 27 are derived.
For balanced three-phase conditions, the zero-sequence component does not exist.
Furthermore, it is convenient to set 0 to zero such that the as axis and the as axis
appear coincident. In this case, Ks of eqt. (114) is used, and the transformation
relationship is given by:
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U AS

0

u cs

2

0
(120)

2
1
*
/3S

_

Uss
(121)

Pcs.

For a motor having the balanced three-phase condition:

^ AS

(122)

^cs — ^

Then eqt. (121) can be rewritten as

''aS
' ps

1

0

0

—

0
*

1

"vf.

Pcs.

(123)

From eqt. (121) each voltage vector in the a-p co-ordinate frame can be expressed in
terms of the (abc)s stationary components as:
Sa

Os ="

J^SP

^

1
2

3

f

^
^ AS

V

Os ='

3

1
2

^ ^CS

BS

4~3

^ .2 (S
+ J~
3 2
J

2

2k'^ \

.

2k

^

f

^ BS cos — + 7Sin-—
1
3
3 ),/

^ AS 'P U oc^
BS'

3

+ U gs^

^CS

^cs

]
J

\k

. .

4;t^

cos — + 7sm —
1
3
3 )

(124)

3

If Ksof eqt. (119) is used instead of eqt. (114) then eqt. (120) can be rewritten as:
IJ
^aS
Ubs

*
^
^ ps

“Te

42

~46

^42

®

2

1_

1^

Tcs_

'■aS

^ ps

(125)

J^OS _

3
0

Ve

^/6

1
V2

__
42

*

Ubs
Pcs_

(126)

Invoking the balanced three-phase condition of eqt. (122) then eqt. (126) can be
rewritten as:
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'aS

Pas~

0

0

1
71

1
"71.

*

^ ps

Uss
(127)

Pcs.

Similarly to eqt. (121), from eqt. (126) each voltage vector in the a-p stationary frame
(s) can be expressed in terms of the (abc)s components as:
^S ~ ^Sa

f
Us =

J^Sp

2

1

1

1
cs

^s=J-( ^/IS
l^s=.hi ^ AS

1
2

1
2

____ _

1

'

fS

S

^

V ^

Z

y

+J v72"“'72"“J
(128)

f
4;t
(
2k
. . 2k^
4;t^
cos-----F / sin — Pti cs cos ^ + y sm —
3 J,/
1
3
3 )
3
V

f
^ AS

BS^ ^

V

y

In the technical literature sD and sQ are sometimes used instead of the notation sa
and sp [4].
3.1-1

Parks Transformation Example

An example is presented to illustrate the a-p co-ordinate transformation
process as follows:
Example 1:

If the three-phase stationary circuit excitation quantities are given by:
/a5=cos(t),y&5=0.5(t),/cx=-sin(t)
with
t=n/3
and
0o=-7i/12, (0=1 rad/s, 0|(t=7i/3) =7i/3-7i/1 2, 0|(t=7t/3) =71/4

Invoking the Parks transformation of eqt. (Ill) the a-P stationary reference frame (s)
variables can now be defined by:
cos(^)
fas

fps
fos

- sin(^)

2k .

cos(6'------)
3
2k .

- sin(^------)

2k .

cos(^ + —)
3
2k .

- sin(6> + —)

Pas
fes
fes
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cos(—)
3
JfaS

. 7Z ^

= —*

. TC

cos(-)
4

^TT.

cos(- - —)
4
3

. Jt

'^TC.

cos(- + —)
4
3

(129)

=0.8837
cos(—)
3
.

fps ~ ^

L

-

.71

.

sin(—)

TT

IjT

.

- sin(----------)
4
3

4

-

,71

ItT '] f\

sin(- + —)
4
3

J v2

TT^

_

3;

(130)

-sin(f)
fps =0.2509

cos(—)
3
f =—
Jos
^ *

"i
_2

1
2

r f 1 * ;r^
2_ l2 3)

(131)

-sin(|)
fos

=

0.05252

The trigonometric relationships between the variables at t=7i/3 and 0=7r/4 is illustrated
in Figure 28.

Figure 28(a) - Phase a resolution
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Figure 28(c) - Phase c resolution
Figure 28:

Resolution of fas^fts^fcs into the directions of fas and fps for
t=7i/3 and 0=71/4. (a) Resolution of fas\ (b) Resolution of//,s;
(c) Resolution offs
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3.2

Synchronous Rotating Reference Frame Analysis

The dynamic behaviour of a three-phase IM having a Y-type connected
squirrel-cage rotor configuration can be adequately described by state space equations
in a D-Q synchronously rotating reference frame (r). The two axis of this rotating
frame are orthogonal or mutually decoupled, and are made to rotate synchronously
with the rotor flux-linkage space vector
, which is a sinusoidal wave travelling in
the air-gap at the angular speed
relative to the stator. As shown in Figure 27 the
three-phase axes of the stator are denoted by as, bs, and cs respectively, and the a-p
stationary reference frame (s) is in fixed relation to these three axes, in which the as
axis is assumed to be aligned with the as axis when 0 is zero. Therefore the angle
between the a-p stationary reference frame (s) and the D-Q synchronously rotating
reference frame (r) can be arbitrarily defined. For a sinusoidal supply, the induced
rotor current and flux observed on the D-Q synchronously rotating reference frame (r)
appear as d.c. quantities under steady-state conditions. The dynamic equations of an
IM expressed in the D-Q synchronously rotating reference frame (r) are obtained as
follows.
Firstly, the three-phase stator voltage equation in the a-p stationary reference
frame (s) defined in eqt. (107) can be written in terms of its real and imaginary
components as:
J^SP ~

o

(.

•

\

sa

vGa “*■ Jhp )

^*Sa ~

^sp ~

iha )

ihp )■*"

dt

.^y^sn

+J

(132)

dt

dyisa

(133)

dt
dy/ sp

(134)

dt

The geometric relationship between the a-P stationary- and D-Q synchronouslyrotating axes is portrayed in Figure 29.

Figure 29:

Geometric relationship between the stationary axes and the
synchronous rotating axes

The voltages in the a-p stationary reference frame (s) can be transformed to the D-Q
synchronously rotating reference frame (r) by invoking the following matrix
transformation:
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U, =U,e -ja'DR

'QR

cos(6^) sin(^)
-sin(6^) cos(6^)

(135)

'ySS

and vice versa, using Figure 29 as:
Us = U,e )0r

'^aS

cos{Or) - sin(^)

^ps

sin(^)

(136)
DR

cos(^)

'QR

Thus from eqts. (132 to 134) and eqt. (136) the following equation can be obtained:
■
■
DR COS(6F) - y/ sin(6^0)
^as =^s\hR cosier)-iQ^sm{Or)) +---------------- ----------------n

(.

,n.s

dt

u

3.3

— Rg

sin(^) +

Iqi^

(137)

cos(^)j+

Flux-Linkage Space Phasors

In this section the space phasors of the stator- and rotor-tlux-linkages will be
obtained in various referenee frames.
3.3-1

The stator ftux-linkage space phasor in the a-p stationary
REFERENCE FRAME (S)

The space-phasor equation for the stator flux-linkage from eqt. (110) is
given by:
~^S^S

~^S^S

ja-

(138)

where
is the per-phase stator inductance and T^is the per-phase magnetising
inductance. In eqt. (138) there are two flux-linkage space phasor components. The
first eomponent equal to
represents the self flux-linkage space phasor of the
stator phases caused by the stator currents. The second component
, is a mutual
flux-linkage space phasor caused by the rotor currents and is expressed in the a-P
stationary reference frame (s). The stator flux-linkage defined in terms of the directand quadrature-axis flux-linkage eomponents as in eqt. (113) are repeated again for
eonvenienee:
^5

Sa

j¥SP

(110)

Erom eqt. (138) the direct- and quadrature- axis flux-linkage eomponents are given
by:
^Sa ~^S^Sa

^SP ~ ^Shp
Erom eqts. (139 and 140),

^M^dr

(139)
(140)

z^^^and z^^, z^^ represent the instantaneous values of

the direct- and quadrature-axis stator and rotor currents respectively, and it is
important to note that all four currents are defined in the a-P stationary reference
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frame (s) and that they can vary arbitrarily in time. The referred rotor currents
are related to the rotor currents

as follows:
(141)

+J>,r
^ R ~ ^DR

J^QR

^R ~ ^DR

j^QR

(142)
(143)

and these equations yield the following transformation relationship between the d, q
and D, Q components of the rotor currents in matrix from as :
idr
COS 6^ -sin6>^ * ^DR
(144)
sinO^ cos 9^
^QR
^DR

cosO^

sin 9^

idr

Jqr _

- sin 9^

cos 9^

_v_

(145)

3.3-2 The Rotor Flux-Linkage Space Phasor

in the

D-Q Synchronously

Rotating Reeerence Frame (r)

The space-phasor equation for the rotor flux-linkage is given by:
^R ~ ^R^R

~ ^R^R

-JO-

(146)

is the total thi*ee-phase rotor inductance. In eqt. (146) there are two flux-linkage
space phasor components. The first component equal to
, represents the self fluxlinkage space phasor of the rotor phases produced by the rotor currents. The second
is a mutual flux-linkage space phasor produced by the stator
component
currents and is expressed in the D-Q synchronously rotating reference frame (r). The
rotor flux-linkage defined in terms of the direct- and quadrature-axis flux-linkage
components is given by:
^R=¥DR+j¥QR
From eqt. (138) the direct- and quadrature- axis flux-linkage components are given
by:
y^DR~^R^DR'^
y^QR~ ^R^QR^

^Mhq

(1"^^)
(1^^)

In eqts. (148 and 149),
and
represent the instantaneous values of the
direct- and quadrature-axis rotor and stator currents respectively, and it is important to
note that all four currents are defined in the D-Q synchronously rotating reference
frame (r) and that they can vary arbitrarily in time. The referred stator currents
are related to the stator currents

as:

is'=L +A,

(150)

T ~ ha

(151)

Jh/j

(152)
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-ja(153)
4 -V
and this yields the following transformation relationship between the d, q and a, p
components of the stator currents in matrix from as:

3.3-3

isd

cosO^

J^‘t _

- sin 0^

ha

cosO^

Jsp _

sin 6^.

sin 9^ * ha
cos 9^
_hp _

(154)

- sin 9^ * hd
cos 9^
_

(155)

The rotor flux-linkage space phasor in the a-p stationary reference
FRAME (S)

The rotor flux-linkage components () in the reference frame fixed
to the rotor (r) are related to the rotor flux-linkage () components in the a-p
stationary reference frame (s) by the same transformation as given by eqt. (142). Thus
the following equation holds:

-sin^^ *
cos 9^

cos9^
y,r_

sm9^
cos9^

¥ DR
QR

-sin 6^^

¥ DR
W

(158)

y^ QR

sin 9^ * ¥dr
cos 9^ y^r_

(159)

The rotor flux-linkage space phasor in the a-p stationary reference frame (s) is given
by:
^R

(160)

^R^ R

In eqt. (160) there are two flux-linkage space phasor components. The first
component which is equal to
represents the self flux-linkage space phasor of
the rotor phases produced by the rotor currents expressed in the a-p stationary
reference frame (s). The second component
is a mutual flux-linkage space
phasor produced by the stator currents in the rotor winding, and is expressed in the
a-p stationary reference frame (s).
3.3-4

The stator flux-linkage space
ROTATING REFERENCE FRAME (R)

phasor in the

D-Q

Synchronously

The stator flux-linkage components (y/^^, y/^^) in the D-Q synchronously
rotating reference frame (r) are related to the stator flux-linkage components
i^sa^y^sp)
^he a-p stationary reference frame (s) by the same transformation as
given by eqt. (154). Thus the following equation holds:
^s'=¥s.+j¥s,=3‘se-'^
~¥sa

j¥sp — vx/ I ^

(162)
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sinO^

¥sd
ysq_

-sin6>^

*

cosO^

~¥sa

-sinO^

ysp _

cosO^

(163)

^sp

*

~¥sd~

(164)

The stator flux-linkage in the D-Q synchronously rotating reference frame (r) is
defined as:
^s

(165)

R

In eqt. (165) there are two flux-linkage space phasor components in which the first
component,
\ represents the self flux-linkage space phasor of the stator phases
produced by the stator currents expressed in the D-Q synchronously rotating reference
frame (r). The second component
is a mutual flux-linkage space phasor
produced by the rotor currents in the stator winding, and is expressed in the D-Q
synchronously rotating reference frame (r).
3.4

The Phase-Variable Voltage Equations
Reference Frame (g)

in

the

Special

The phase-variable forms of the three-phase stator and rotor voltage
equations are first formulated in their natural reference frames. Transformation
between reference frames and the introduction of a special reference frame serves to
provide the basis for field oriented vector control, in which the stator current
components are transformed to a special reference frame and can be separated into a
flux-producing current component and a torque-producing current component.
Consequently control algorithms can be developed for the IM incorporating the vector
control principle that will allow the IM to be controlled in a manner similar to that of
the conventional D.C. machine. Thus the stator voltage equations are first formulated
in the a-p stationary reference frame (s), whilst the rotor voltage equations are
formulated in the D-Q synchronously rotating reference frame (r). It is not possible to
monitor the rotor voltages and currents of a squirrel-cage rotor IM. Here the
schematic of the three-phase two-pole smooth air-gap IM with sinusoidal distributed
windings illustrated earlier in Figure 26 is considered. It is assumed that the stator and
rotor voltages and currents can vary arbitrarily in time. The phase variable form of the
voltage equations in the a-p stationary reference frame (s) can be expressed as:
d^Asit)
dt

(166)

dy^Bsi^)
dt
d¥csi^)
dt

(167)
(168)

where
and
and ^^(0,
/^^(Oare the instantaneous
values of the stator voltages and currents respectively in the a-p stationary reference
frame (s), and Rs is the per-phase resistance of the stator winding. Here
y/As{t)
Bsi^) •>
are the instantaneous values of the stator flux-linkages in
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phases sa, sb, and sc respectively. In the D-Q synchronously rotating reference frame
(r) the rotor voltage equations can be expressed as:
d^RAd)
dt

(169)

dn/R^)

(170)

dt
dn^Rcit)
dt

(171)

where u^^{t)
and
^nd /^^(/)are the instantaneous
values of the rotor voltages and currents respectively in the D-Q synchronously
rotating reference frame (r), and Rr is the per-phase resistance of the rotor winding.
Here
(Q,(Q, and
are the instantaneous values of the rotor fluxlinkages in phases ra, rb, and re respectively. Eqts. (166 to 171) can be put into a
single matrix equation as follows:
^^AS

+ pL^

pMs
-‘r pL^

P^s

pMs

pM^R cos9

pMgg cos^i

pMgg cos^2

pMs

pM^g COS^2

pMgg cosO

pMggCosO,

pMs

pMs

R^ + pL^

pMggCosO,

pMgg cos^2

pM^i^ COS0

pM^,f COS^2

pM,^cos0,

Rr + pLg

pMr

^^RB

pMsrCosO,

pM^j^ cos9

pM^^ cosOj

pMr

Rr + pLg

}hc_

pM^^cosO^

pM

pM^^ cosO

pMr

pMr

^^RA

^AS

hs
pM^g cos6 * Cs
pMr
^RA
pMr
^RB
Rr + pLg

(172)

Jrc_

where p-— is the derivative operator, that operates on the time varying inductances.
dt
Ls’^r represent the per-phase self-inductance of the stator and rotor windings
respectively. Mrepresent the mutual inductance between the stator phases and
the rotor phases respectively.
(172-a)

Ls=T-M,
~ ^R ~ ^ R

where Ls is the total three-phase stator inductance, and Lr\s the total three-phase rotor
inductance.
represents the maximal value of the stator-rotor mutual inductance.
(172-b)

2 ^ SR

where Lm is the total three-phase magnetising inductance. The angles
defined as 6 = 0^,6^

Itt

Atc

from eqt. (172) that the

system of differential equations is non-linear, and contains variable, time-dependent
coefficients, since in general the rotor angle is a non-linear function of time, and some
other parameters are also variable, for example, the inductance parameters can vary
with current under saturated conditions.
The complete performance of the machine under transient conditions is determined by
using eqt. (172) together with the equation of motion given by
=

, dco,
J----------h B(0,
dt

(173)
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Here
is the developed electromagnetic torque of the machine defined in Newton
meters (N-m),
is the load torque (N-m), co^ is the rotor speed (radians/sec) and is
dO
equal to the first time derivative of the rotor angle, —-. The quantity J is referred to
dt
as the system inertia co-efficient and is closely referred to the kinetic energy of the
rotating masses. The quantity B is referred to as the system damping co-efficient and
represents dissipation due to windage and friction. In the voltage equations of eqt.
(172), significant simplification can be made if the three-phase variables are
transformed to their two-phase equivalents expressed in the same reference frame,
since in this case, in the absence of zero-sequence components under balanced threephase conditions there will only be four voltage equations, corresponding to the
direct- and quadrature-axis stator and rotor voltage equations respectively. The
relationship between the two-axis stator voltage and current components and the
corresponding three-phase components can be obtained by considering eqt (124)
repeated again for convenience as follows:
1

~3

3

'■aS

' ps

1

1
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s
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CS
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3

^aS

Jps _
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(174)
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Similar transformations hold for the rotor voltages and currents as follows:
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7

"

using equations (174 to 177), expression (172) can be recast in the form:
0

'Sa

0

'sp
'DR
'QR

cos6>,
-pL^ sin 6',
P^M

-f pL^
pLm

P^M

sin6>,
cos 6',

pLm cos6>^

sin <9,
Rr -I- pLf^

pLm

0

-pL^ sin6>,
pLm cos

(9,

0
Rr

'Sa

'sp

(178)

'DR
pLj^

'QR

where L^and Lj^ are the per- phase stator and rotor inductances respectively, and
is the stator magnetising inductance.
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3.5

The Space-Phasor Form of the Equations
In this section the space-phasor form of the voltage equations of the threephase smooth-air-gap machine is presented. The equations will be expressed both in
the a-p stationary reference frame (s) and in the x-y general rotating reference frame
(g), which rotates at angular speed co^.
3.5-1

The space-phasor voltage equations in the a-p stationary reference
FRAME (s):

The stator- and rotor-voltage differential equations of the three-phase
smooth air-gap machine have been defined in the previous section in their natural
reference frames. The space-phasor form of the stator and rotor voltage equations
expressed in the a-p stationary reference frame (s) can be defined as in eqt. (107) as:
-

U.=RsIs+

(TT'
dt

"

(179)
(180)

dt

In eqts. (179) and (180) the stator- and rotor space phasor flux-linkages are present
and these have been defined in terms of the machine inductances and the space
phasors of the stator and rotor currents in eqts. (138) and (160) respectively. The
compact form of eqts. (179 and 180) makes their application very advantageous. The
first term on the right-hand side of these equations is the space phasor form of the
ohmic losses of the stator and rotor RJ^
r respectively. The second term is
a transformer e.m.f, which is the first derivative of the flux-linkage space phasor of
the stator and rotor

dt

^ and

dt

^ respectively. Finally from eqt. (180) the term

represents a rotational back e.m.f, which is due to the rotation of the rotor
and contributes to the electromechanical energy conversion. Here co^ again denotes
the instantaneous angular speed of the D-Q synchronously rotating reference frame
(r). For the sake of a better overview, the definitions of all the space-phasor quantities
will be repeated below using the definitions of the space-phasors in terms of the threephase quantities. The space phasors of the stator voltages, currents, and flux-linkages
in the a-p stationary reference frame (s) are:
- j CO

2
=-VAsit)
+ aUgs{t) + a\^si-t)]=Usa ^ j^sp

AS

3

(t) + aig^(t) + a^ ^cs (/)]= ha

Jhp

(181)

2

~ ~ [^^5 (0 + ^ ^BS (0 + ^
a=e

.2n
3

CS

(o]

Sa
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.4;r

2

,a - e

'3

^

Similarly the space phasors of the rotor voltages, currents, and flux-linkages in the
D-Q synchronously rotating reference frame (r) fixed to the rotor are given by:
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U

(t) + au

7^ = —
^R ~ ^
,ln

a^e

(t) + Cl H

(^) + ai/^g (t) + a
(0 + ^

^ DR
(/)] =

J^QR

+ Jigg

RB (t) + Cl [j/gf-- (/)] =

Ql^
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j¥Qh

.4;r

,a 2 = e ^ ^x

The rotor quantities defined in the D-Q synchronously reference (r) frame
transformed to the a-p stator reference frame (s) are given by:

/«= y+jy

(183)

For completeness the stator quantities transformed to the D-Q synchronously rotating
reference frame (r) are given by:
~ ^^

^S

^

~ ^Sd

~ hd

J^Sq

Jhq

(184)

=V/^+7>,,
Taking eqts. (181 and 183) into consideration then it is possible to write eqts. (179)
and (180) in matrix form in the a-p stator reference frame as:
_

0,'

0

0 * is d Ls
+—
dt

A * is
^R is

jC>R

0

0 * is
^R is

(185)

The simplicity of these equations in reduced form can be contrasted with eqt. (172),
where the phase-variable voltages and currents appear, while in eqt. (185) the space
phasors of the voltages and currents are present.
3.5-2

The Stator Flux-Linkage Space Phasor in the General X-Y Reference
Frame (g):

Here the voltage space-phasor equations will be formulated in the x-y
general reference frame (g) which rotates at an angular speed co^ as depicted in
Figure 30. This approach begins the development of vector control analysis. Here 6^^
represents the angle between the direct axis of the a-p stationary reference frame (sa)
fixed to the stator and the real axis (x) of the general reference frame.
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Figure 30:

Application of the general x-y reference frame (g);
transformation of the stator quantities.

The stator voltage, eurrent, and flux-linkage space phasors in the x-y general
reference frame (g) are given by;
f j
U

U SG

J1 SG =J^

I

—jOG

+ ju^Y

= i ^ 5A'

JhY

(186)

~y^SX'^Jy^SY

where U sJs^

^he space-phasors of the stator voltage, current and flux-linkage

respectively in the a-p stationary reference frame (s). Similar considerations hold for
the space phasors of the rotor voltage, current, and flux-linkage. In Figure 31 three
reference frames are shown, the a-p stationary reference frame (s), the D-Q rotating
reference frame (r), and the x-y general reference frame (g). The direct axis of the
synchronously rotating reference frame (Dr) is displaced from the direct axis of the
stationary reference frame (sa) by the rotor angle 6^. The direct axis of the x-y
general reference frame (x) is displaced from the direct axis of the synchronously
rotating reference frame (Dr) by the angle 0^ -0^. The rotor voltage, current, and
flux-linkage space phasors in the x-y general reference frame (g) are given by:
^RG ~ ^

-peG-Or) _ ^
RX

IrG - ^R^

-

+ ju RY

^RX + j^RY

(187)
Substitution of eqts. (186 and 187) into eqts. (138), (146), (160), (179), (180) yields
the following stator and rotor space-phasor voltage equations in the x-y general
reference frame (g):
SG

RG

. '^j^G^SG

~
cfV
dt

Ji^G

^r)^RG

(188)
(189)

The stator-and rotor flux-linkages in the x-y general reference frame (g) can be
expressed in terms of the stator and rotor current space phasors as
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I i ^
+I i
^ sc = ^s'-SG

~ ^R^RG

J0G

(190)

-JiOG-er)

(191)

^ e

^MhG

Eqts. (190 and 191) and eqts. (188 and 189) are then combined to give the following
voltage matrix equations:
Use

Rs 0 ♦
0 Rr ^RG

d 4 4 * ^SG
dt ^M Rr ^RG

4 * ^SG
7v/ Rr ^RG

0

J(pR

0 * ^SG
Tv/ Rr ^RG

(192)

It is also possible to express the space-phasor quantities in terms of their real- and
imaginary- axis components and thus utilising equations (186 and 187) then eqt. (192)
can be put into the following two-axis form:
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Jry_

where p=—. The voltage equations are valid under both steady-state and transient
dt

conditions. However under transient conditions the equation of motion given by:
- mo =J

dt

+

(194)

B(o,

is also required. It follows from eqt. (189) that the space phasor form of the rotational
back e.m.f in the rotor windings is
Thus the realaxis component of this back e.m.f is iCotx-^r^RY’
the imaginary-axis
component of this e.m.f is
■ it follows that the mechanical power can
be expressed as:
MECH

= -i^CoMr.x +^Co,y^ry)

^MECH ~

^RY^ry)

MECH ~

^ ^RG ^ ^RG

(Or

2

(194-a)

For a machine with p poles the electromagnetic torque is given by:
3 -

-

^^E ~~S^^^RG^^RG

3

-RG'^^M^S-g)^^RG
-

(195)

Eqt. (195) shows that the torque produced is equal to the interaction of the rotor fluxlinkage space phasor
and the rotor current space phasor 7^^. It is important to
note from eqt. (195) that the vector cross product
can be rewritten as:

^Irg - 0^ ^rid that eqt. (195)
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3 -

-

3

-

(195-a)

Thus the torque produced is equal to the interaction of the rotor current space phasor
and the stator current space phasor 1^^ .

COMR

Figure 31:

Stator-current and rotor-flux-linkage space phasors in the
stationary reference frame and in the special reference frame fixed
to the rotor-flux-linkage space phasor

3.6

Field Oriented Control
In this section the principle of vector controlled IM drives is introduced,
including the motivation for its application, and the reasons why it enables the IM to
be controlled like a separately excited D.C. motor.
3.6-1

Motivation for Vector Control

In the application of vector controlled IM’s it is essential to be able to
implement control schemes that will yield high dynamic performance similar to those
obtained with D.C. machines. For this purpose it is necessary to prove that under
transient operating conditions, the electromagnetic torque developed in a smooth airgap squirrel-cage IM is proportional to the product of a flux producing current
component, and a torque producing current component, that are in space quadrature.
In other words it must be shown that the mechanism of electromagnetic torque
production in an IM is similar to that of the D.C. machine as per eqt. (2). For the IM
this can be proven if a special flux-oriented reference frame is used. Here the stator
current components expressed in the a-p stationary reference frame (s) (chapter 3,
section 3.1) are transformed into a new rotating reference frame, which rotates
together with a selected flux-linkage space vector. There are in general three
possibilities for the selection of the flux-linkage vector, such that the chosen vector
can be the stator flux-linkage vector, rotor flux-linkage vector or magnetising fluxlinkage vector. Hence the terminology: stator flux-, rotor flux-, and magnetising fluxoriented control. In these three cases the instantaneous electromagnetic torque can be
expressed as:
mE

~^s

5K

for stator flux-oriented control

(196)
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hIe

M

^E=kM

M

(197)

for rotor flux-oriented control

^R
SY

(198)

for magnetising flux-criented control

For linear magnetic conditions k^, k^, and

are constants, and

, 4^^

and

represent the magnitudes of the stator, rotor, and magnetising flux-linkage space
vectors respectively. The torque producing stator current components in the stator-,
rotor-, and magnetising-flux-oriented reference frames are denoted by
, i^y^, and
i^y^ respectively. These torque producing stator current components take the role of
the armature current in eqt. (2). In the case of the IM, rotor flux-oriented control is
usually employed, because of its simplicity and ease of the design equations [4]. In
this thesis the indirect rotor FOC is implemented and illustrated in Figure 31. This
FOC technique will be presented in section 3.7 (which is based on eqt. (197). If
follows from eqt. (197) that when the magnitude of the rotor flux-linkage space vector
()is constant, and the torque producing stator current component (/^y^) is changed
quickly, rapid torque response is obtained in a manner akin to the D.C machine.
Since the expressions in (195) for electromagnetic torque production in the
IM contains the transformed stator currents, it is obvious that in a vector-controlled
drive, the stator current components must be transformed into the required special
reference frame. In the rotor flux-oriented controlled drive for example, the stator
current components in the stationary reference frame must be transformed into
equivalent stator current components in the rotor flux-oriented reference frame.
Comparing eqts. (196 to 198) with eqt. (2) it is seen that in special reference
frames fixed to the stator flux-linkage space phasor, rotor flux-linkage space phasor,
or the magnetising flux-linkage space phasor, the expression for the electromagnetic
torque production of the smooth air-gap squirrel-cage IM is similar to the expression
for the torque in a separately excited D.C. machine. Unfortunately this similarity was
not emphasised before the 1970’s, and consequently vector control methodologies did
not emerge until later.
3.6-2

Vector Controlled IM drives

Typically the IM is treated as a speed source in which the actual speed is
determined from knowledge of the line frequency as seen in eqt. (42). The voltage is
adjusted approximately to keep the no-load current constant as the frequency changes.
Since this results in a frequency proportional voltage, this method is often called
constant volts per hertz (V/f) (chapter 2,section 2.7-3) and is the most popular scalar
control method [11]. However, speed control, while it supports a wide range of
applications, does not cover the true high-end applications that require a torque
source. With vector control, IM’s now find increasing acceptance in high performance
industrial drives for applications such as steel mills, paper mills, robotics, machine
tools, elevators, electrical vehicles, etc. These high-performance industrial
applications require position control, which is best implemented with torque
controlled source [16].
However prior to the 1980’s, ASD’s implemented with D.C. motors had
significant advantages over other types. The primary advantage of d.c. ASD’s over
IM ASD’s for example, was that d.c. drives could readily prov.de torque control
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through direct control of the armature current, since the commutator maintains a fixed
and nearly ideal angle at all times. From eqt. (2) the instantaneous torque is
proportional to the product of the armature current and the field current, and these are
inherently physically decoupled. This dynamic decoupling means that the field
current and the armature current can be adjusted independently without interference.
In a typical application the field current is held at a constant value, and the armature
current is then adjusted to provide control of the shaft torque. The dynamic response
can be very fast, even large D.C. machines have rotor time constants (—^) in the
range of 20 milli-seconds, such that the torque can be adjusted at bandwidths of a few
tens of hertz [11]. An IM on the other hand, involves complex, non-linear
relationships between voltages, currents, fluxes, and torque. The main flux and rotor
current distributions are fixed in space and strongly interact with respect to the stator
as well as the rotor. A further disadvantage is that for the squirrel-cage IM only the
stator currents can be monitored, as it is not possible to monitor the rotor currents.
Consequently any control scheme developed must be based on manipulation of the
available stator currents [28].
In 1972 F. Blashke published an approach to IM control known as field
orientation which since then has revolutionised the world of electrical drives [10]. The
principle of FOC or vector control is to enable the IM to be controlled in the same
way as a separately excited D.C. motor. The FOC method consists of choosing a
special x-y reference frame to rotate synchronously with the appropriate flux-linkage
space vector. To transform between reference frames the dynamic equations for the
IM were transformed by means of the Parks transformation [9] into a special x-y
reference frame (chapter 3, section 3.5-2). If the choice of FOC is the rotor fluxoriented method as per eqt. (197) then the direct (x) axis of the special x-y reference
frame is aligned with the rotor flux-linkage space vector
in order to achieve as in
a separately excited D.C. machine decoupled control between the flux and the
produced torque, as shown in Figure 31. Indirect rotor flux-oriented control is
considered in the next section.
Since rotor FOC consists of aligning the direct (x) axis of the special
reference frame with the rotor flux-linkage space vectorthen the instantaneous
magnitude and position of 'P^ must be known. There are two methods available for
determining the instantaneous magnitude and position of 'P^ as follows:
1.
2.

Direct Field-Oriented Control (DFOC)
Indirect Field-Oriented Control (IDFOC)

In DFOC, 'P^ was measured using sensing coils. Presently, 'P^is e:'timated using a
state observer such as the extended Kalman filter (EKF) or Luenberger observer.
Essential to the success of using estimation is a priori knowledge of the rotor
resistance that varies with frequency, temperature and saturation [10]. In IDFOC, 'P^
is determined from shaft position information. The positional information (pr) is
pivotal to the success of the Parks transformation. However the position sensor is
often considered an undesirable element as it increases the overall drive cost and
decreases reliability [11]. Whichever FOC method is implemented, once the rotor flux
magnitude and position is obtained, an algorithm performs the Parks transformation of
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the three-phase stationary currents ias, ies, and ics into the orthogonal torque- and
flux- producing stator current components as follows:
(199)
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In principle it has been established that FOC of an IM provides similar decoupled
control of torque and flux which is inherently possible in D.C. ma(':hmes. However
there are certain fundamental differences. FOC provides asymptotic decoupling which
implies that the torque and flux producing elements are decoupled if the flux current
is fixed. This is a concern in most applications since the flux current is not usually
adjusted rapidly in a drive application. A more significant difference is the
requirement for precise motor parameter information. The transformations and control
algorithms presume ideal knowledge of various resistances and inductances within the
IM model. In a D.C. machine, small parameter errors will alter the output torque but
not the decoupling. However, in an IM, parameter errors alter the transformation and
can cause torque ripple and other associated problems culminating in the control
scheme becoming totally inoperative.
A motor must be carefully characterised and measured for use with a fieldoriented drive in a process called commissioning. In this thesis it is assumed that the
IM parameters are known exactly, and do not vary with frequency, temperature, and
magnetic saturation. Considering chapter 1, section 1.4, Table 1.1 the stator and rotor
resistance values were quoted as 0.7 Q and 0.61 Q respectively, at temperatures of
just 20°C. However, when the rotor heats up, the rotor and stator resistances will vary
as will the rotor time constant (^^).
Rr
FOC is the foundation of modem high-performance drives [16]. It has
opened up many high-end applications for IM ASD’s beyond those that can be served
by speed control. In addition to the many benefits of the IM over the D.C. machine
(notably lower cost, better reliability, and higher efficiency), IM ASD’s were found to
offer faster torque response compared to d.c. drives. This is achieved through the
lower inertia of an IM compared to the D.C motor of similar rating, and through the
faster ^^time constants in many IM’s compared to D.C. machines. Furthermore the
advent of microprocessors in the I970’s made IM vector control increasingly
attractive [17], and owing to intense advances in DSP, ASIC design, AI techniques,
and power electronics control techniques, IM drives can now be implemented in real
time applications [4,17].
There are two types of torque controlled drives used for high-performance
applications: vector-torque controlled drives and direct-torque controlled drives. An
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example of a PWM VSI- fed IM drive ineorporating vector control is illustrated in
Figure 1, and is repeated below in Figure 32 for convenience. Direct-torque controlled
(DTC) drives were introduced in Japan by Takahashi and in Germany by Depenbrock
during the 1980’s. In the DTC method, integration of motor and inverter control is
very close. All switch changes of the inverter are based on the electromagnetic state
of the motor. There is no need to have a separate PWM modulator between the motor
and inverter control, which accounts for the main difference between DTC methods
and the traditional a.c. drive control methods. The optimal switching logic is realised
by ASIC hardware design. The feedback information of the power switches are used
in the calculation of the actual voltage vector. The DTC concept is illustrated in
Figure 2 and repeated again in Figure 33 for convenience [20,21 ]. The torque and flux
reference commands are compared with the actual values, and control signals are
produced by using a two-level hysteresis control method [13]. The DTC is a technique
similar in concept to field orientation, in which the induced motor voltages or currents
are set to values as close as possible to the ones needed to generate a desired torque.
Typically the operation is performed with less intensive computation than that for
field-oriented methods [11]. DTC is often implemented through space-vector
modulation (SVM), in which the drive switches are set to alternate among two of the
possible output voltages to approximate closely the desired voltage vector. The
concept of SVM is examined in chapter 4.

Figure 32:

Schematic of the vector controlled pulse width modulated voltagesource-inverter-fed induction machine (IM) drive.
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Figure 33:

The core of the DTC scheme is direct torque and flux control with
optimal switching logic and motor model

A typical example of a DTC application concerns IM drive usage in an
electrical propulsion system [29]. The electric vehicle drive system application must
include amongst its specifications the following:
•

Continuous and convenient response

•

High efficiency over operating period

•

Fast dynamic response

•

High power transmitted to wheels

•

Low maintenance

•

Reliability

Due to the nature of the applieation, electrical vehicle technology needs to develop IM
power converter systems with quick response and efficiency [30, 31 ]. DTC is used in
many of these new drives. DTC requires flux estimation and is prone to errors due to
variations in stator resistance [32]. Using online estimation of the stator resistance the
sensitivity of stator-flux estimation to variations in stator resistanee is eliminated. This
estimation is essential for low-speed operation [33]. Figure 34 illustrates an IM drive
that uses DTC with efficiency optimisation, and estimation of the stator and rotor
resistanees.
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Figure 34:

A DTC based drive for IM with optimisation strategy and
estimation of stator and rotor resistances
Explanation of Parameters
= Estimate of developed electromagnetic torque
Rs*

= Estimate of stator resistance

Rr*

= Estimate of rotor resistance
= Estimate of stator flux-linkage

*
Is*

= Estimate of rotor flux-linkage
= Estimate of stator current

As shown in Figure 33 the core of the DTC consists of: hysteresis controllers of
torque and flux; optimal switching logic; precise motor model. The motor model
estimates the actual torque T*, stator- and rotor- fluxes T^s and
respectively,
stator and rotor resistances Rs and Rr respectively, stator current Is , by means of
measurements of the two motor phase currents and voltages: isa, isp and Usa, UsP
respectively as shown in the expanded DTC version shown in Figure 34. Thus the
motor model is based on the identification of the motor parameters and current and
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voltage feedback. The main task of the motor model is to produce an accurate
estimate of the stator flux-linkage. The stator-flux is a computational quantity and is
obtained by means of the stator voltage vector {U and current (/^) as follows:
(201)

where

is a known value identified during the commissioning [20, 29]. The DTC

is based on the evaluation of two quantities and these are the stator-flux () and
torque. Exact evaluation of
requires accurate measurements and good evaluation
of
. The value of the 7?^, which varies with temperature requires either an accurate
thermal model or an evaluation and estimation method. Thermal compensation of the
R^ is made by the temperature estimate of the motor model. However this
compensation method requires detailed motor information that is often unavailable.
Consequently estimation of R^ is proposed in the IM drive of Figure 34 as an
alternative. The estimate of
is corrected to be valid both in the continuous and
dynamic states. The current feedback information (isa, isp) improves highly the T's ,
especially at low speed. Extremely high starting torque can be produced and torque is
linear at the whole speed range, including zero mechanical speed. The actual value of
torque is calculated as a cross product of the stator-flux and rotor current, and is given
by:
•

*

(202)

where c is a constant under linear magnetic conditions, and 5 and ../ ^ are the space
phasors of the stator flux-linkages and rotor currents respectively, expressed in the
a-p stationary reference frame (s).
Alternatively a vector control technique could have been used for torque
control of the IM for the electric propulsion system since it would have provided
independent control of torque and flux and therefore of speed and torque; quick
response of the torque without ripple; and since the flux can be maintained at a given
value the motor can work with maximum efficiency at all operating points. However
this method is harder to implement than the constant volts per hertz (V/f) scalar
control method previously mentioned, and is directly related to the parameters of the
motor. Furthermore, a position encoder is required to determine rotor position, which
serves to decrease the reliability of the drive and increase the cost.
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3 .7 :

Application of a special reference
FLUX-LINKAGE SPACE PHASOR:

erame fixed to the rotor

The expression for the electromagnetic torque can be obtained in terms of
the modulus of the rotor flux-linkage space phasor () and the quadrature axis
stator current component isv, expressed in a special x-y reference frame fixed to the
rotor flux-linkage space phasor
. The rotor flux-linkage space phasor in the a-p
stationary reference frame (s) can be expressed as:
(203)

qr

where 4^, and 0^, are the modulus and phase angle of the rotor flux-linkage space
phasor in the a-P stationary reference frame (s). These are depicted in Figure 35
which illustrates the relationship between the stator current components in the a-P
stationary reference frame {isa->hp)
special x-y reference frame (isx’^sy)
fixed to the 'E^ . The special x-y reference frame illustrated in Figure 35 rotates at the
same speed as the 'E^, and is given as follows:
^MR

dp,

(204)

dt

From eqt.(186) with 6g = p,, the stator current space phasor in the special x-y
reference frame is given by:
/ S\i/R

~ Gv

(205)

J^SY

where I^ is the space phasor of the stator currents in the a-P stationary reference
frame (s). In the special x-y reference frame
is illustrated in Figure 35 and thus:
VXI
— ^
^ R<f/R
^ R^

_ VX/ \ p-KPr)
^ R ^

has only a direct-axis component as

eJpre-JPr ^

Rx

(206)

Using eqt. (197), the rotor FOC electromagnetic torque (me) is determined as follows:
m E — kE
^R^R ~ y' RX

(207)

Ke =-P^
L
Z,2 l^E
m E — K Ey/

SY

According to eqt. (207) the electromagnetic torque (me) produced is equal to the
interaction of the rotor flux-linkage space phasor
and the special reference
frame stator current space phasor 7^^ and P represents the poles of the IM,
is the modulus of the 'E^ and isv is the quadrature axis stator current in
y^ RX ~
the special x-y reference frame. The relationship between the stator current

101

Chapter 3: Space Phasor Theory with Application to Induction Motors

components in the special x-y reference frame {isxJsv)
components {isaJsp)

the a-p stationary reference frame (s) is given by:

7

-7

‘sx

COSyO^

sin/7^

^Sa

‘SY

-sinp^

cosyO^

^sp

J

^^e stator current

-f

(208)

JPr

cosyo^ -smp^
sinyO^.
cosp^

‘Sa

'5A'

‘5/

stationary reference frame and in the special reference frame fixed
to the rotor-flux-linkage space phasor
The rotor flux-linkage spaee phasor in the special x-y reference frame as per eqt.
(206) can be expressed in terms of the stator and rotor eurrents as:

vp^ Rif/R _/7
‘-'R^ Rij/R

y
I
^

1Si(/R

where the rotor current space phasor
as:

7

^ Ry/R

=/'-RX

-Ia =1^ R^
^ J‘'RY

(209)

^ R*^

in the special reference frame is obtained
,7

^R

Vdr ^ J''qr

'Sp-PPA

(210)

where /y^' is the rotor current space phasor in the a-p stationary reference frame (s),
and Iis the rotor current space phasor in the x-y special reference frame. The
rotor magnetising current space phasor in the x-y special reference frame is given by:
T
* MR
A 4D

_

*

R'VR

LM

"A/
^

L,r

^MR ~

-

^Ry/R

LM

^R^Ry/R '^^M^Sy/R

-^T
j

+I

^ Ry/R ^

■'

(211)

Sy/R

^

^Sy/R ~ ^Sy/R + (^ "*■

Ry/R
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where cr^ is the rotor leakage coefficient and is given by:
(212)

^LR

Llr is the rotor leakage inductance. Substitution of eqt. (211) into eqts. (206 and 207)
gives:
2
~

T

Z

^RS'^SY ~ 9 ^

L

r

Lij^

I

(213)

■ MRVSY

A very important feature of eqt. (213) is that it illustrates that the electromagnetic
torque can be controlled by independently controlling the flux-producing current
component
and the torque-producing current component i^y . Assuming linear
magnetic conditions Lm and Lr are constant, and thus the expression for the torque is
similar to that of the separately excited, compensated D.C. machine.
For the IM, under linear magnetic conditions, when
^MR - hx

’

thus the rotor flux-linkage space phasor

is kept constant,

is determined completely

by z'^^ = constant, and the torque is determined by i^y. Torque control of smoothair-gap IM’s based on eqt. (213) have so far found the most widespread applications
[4].
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3.8:

Induction Motor Mathematical Model defined in a-p
Stationary Reference Frame (s):

The IM mathematical model as defined in the a-p stationary reference frame (s) is
governed by eqts (214) and (215). For purpose of IM model simulation the following
notational changes are made so as to accommodate normalised characteristic
observation with per unit notation usage.
The nominal angular speed of the IM shaft
the rated speed

is determined from

in rpm as:

= 2;r *

in rads/sec

60 y

The following IM model variables can be referenced in per unit
notation as follows. The nominal phase impedance of the stator
winding Zn is given by:
7

"

"

/

^ N

where Un and In are the rated input supply phase voltage and
current respectively.
Assuming a sinusoidal flux distribution in the stator winding the
rate of change of flux T'n with respect to time equals the
impressed voltage Un given by:

dt

sinru^/

If
Then
which results in

=

dt
U = T' Q

(213-a)

cosQ^^

where 'Tn is the nominal flux-linkage per phase
The stator voltage equation is given by:
d ^S ~ ^Sa + J^sp standard notation)
dt
Expressing in per unit [pu] notation with respect to the nominal
input supply voltage Un:
u Sa -f- J^sp
+
u,N
dt
^ N
Invoking the eqt.

Us[pu\ =
Us[pu] =

(213-b)

='T'^Q^then

u Sa

j^sp
'R Q

'■Sa

+ J^sp

'R Q

T' Q

^S^S

-f-

d
dt

^
dt
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Invoking the eqt.

U
= —— then
N

^Sa

Usipu]^

Us[pu] =

j^Sp

z /

4^ Q

Tc

s ^
dt

1 d
^Sa J^sp
4^J/?w]
= f^S^S +
4^ Q
dt

Since Tn=1/Qn then

(213-c)

d
^Sa + J^sp
= ''s's
4^ Q
dt
It is now possible to express the stator voltage equation with
respect to its direct and quadrature axis components usa and Us3
respectively. The same analysis is used with respect to the rotor
voltage equation, and for subsequent voltage equations defined in
their respective frames of reference.
The stator flux-linkage space phasor
in the a-P stationary
reference frame (s) can be expressed in terms of the stator and
rotor current space phasors I^respectively as:
Us[pu] =

(213-d)
where
and
represent the per-phase stator and magnetising
inductances respectively.
Similarly the rotor flux-linkage space phasor in the D-Q rotating
reference frame (r)
can be expressed in terms of the
and 7^
respectively as:
'T - L 1 + T 1
where
represents the per-phase rotor inductance. Rewriting eqt.
(213-e) with respect to 7^ gives:
T

^ R

(213-e)

(213-f)

-1 1

And substitution of eqt. (213-f) into eqt. (213-d) gives:
-L I ^

(213-g)

w — LrLr

Lf^

1 W -f w
vy
/ T'
I,
It is now possible to write eqt. (213-g) in terms of its direct (sa)
and quadrature (sp) axis components in normalised notation as:

(213-h)
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^Sa

^Sa

J^sp )~^M ^DR

J^QR )

Jhp ) ~

(213-c)
w..

Rewriting eqt. (213-e) with respect to 7. gives:
_ ^R

r

^R^R

L

"

And substitution of eqt. (213-i) into eqt. (213-d) gives:
(213-i)
R

LM

= /«(
w = LrL^ —
(213-j)

Ls^,-L^^s
w

I

'R N

It is now possible to write eqt. (213-j) in terms of its direct (Dr)
and quadrature (Qr) axis components in normalised notation as:
/.

KDR

..

) _ 7v ^DR

J^QR )~^M ^Sa

J^Sp )

J^QR ) ~

Wnmz
The IM model equations can be recast in per unit notation [pu],
using the above normalisation procedure as follows:
T,

d

dt
d

T,

(Psa

S ^ Sa

^ sp

sp

d ^ DR

U dr

f Rr> II dr

^ QR

^R ^QR

dt

T,

^

^ sp
dt

T,

U Sa

m

^

qr

(214)

d V QR
^ ^ M ^

dt

^Sa

(213-k)

~ ^ Sa

^ sp ~ ^ sp

I
W
W

(P DR
^R,

DR

M

W
M

W
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^ DR

^

^QR ~ 9
d CO

TM

QR

M

T

9

W
= m

hp9 Sa

w nmz
^ N

W

Sp

- m

dt

m

=

^ R^ S

M

9 Sa

w

M

(215)

ha 9 sp
^M

Q

3.8-1: Explanation OF Parameters
^S

^Sa

J^sp

USa, Usp
^R

^DR

J^QR

UdR, Uqr

9sa

'^5

’*■

J9sp

9Sa, 9 Sp
~

9DR

j9QR

9dr, 9qr
^ s ~ ha

Jhp

las? Ips
^ R ~ hR

ioR? iQR

mo
me

J^QR

is the stator voltage space phasor in the a-p stationary
reference frame (s).
are the transformed direct and quadrature stator voltages in
the a-P stationary reference frame (s).
is the rotor voltage space phasor in the D-Q rotating
reference frame (r).
are the transformed direct and quadrature rotor voltages in
the D-Q rotating reference frame (r).
is the per-phase normalised stator resistance
is the per-phase normalised rotor resistance
is the stator flux-linkage space phasor in the a-P stationary
reference frame (s).
are the transformed direct and quadrature stator fluxlinkages in the a-p stationary reference frame (s).
is the rotor flux-linkage space phasor in the D-Q rotating
reference frame (r).
are the transformed direct and quadrature rotor fluxlinkages in the D-Q rotating reference frame (r).
is the stator current space phasor in the a-p stationary
reference frame (s).
are the transformed direct and quadrature stator currents in
the a-p stationary reference frame (s) respectively,
is the rotor current space phasor in the D-Q rotatmg
reference frame (r).
are the transformed direct and quadrature rotor currents in
the D-Q rotating reference frame (r).
is the load torque (N-m)
is the developed electromagnetic torque (N-m)

215(a)
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is the per-phase stator reactance (chapter 2, section 2.6, figure 16).
is the per-phase stator inductance.
is the per-phase normalised stator inductance

I.

^.5 +
A'

is the per-phase stator leakage reactance.
is the per-phase magnetising reactance (chapter 2, section 2.6,
figure 16).
is the per-phase stator magnetising inductance.
is the per-phase normalised stator magnetising inductance.
215(b)
is the per-phase normalised stator reactance.

cfS

M
M
‘'M

is the per-phase rotor reactance (chapter 2, section 2.6, figure 16).
is the per-phase rotor inductance
is the per-phase normalised rotor inductance

R

LR
^R =

x^.+x M
aR

X <tR

is the per-phase rotor leakage reactance,
is the per-phase normalised rotor reactance,
is the mechanical time constant of electrical machine,
is the determinant of the IM inductive matrix.

M

W

k] =

Lr

lM

W,
k,„,]= K

w = det[M'J.
is the normalised determinant of the IM inductive matrix.

IM

wnmz = det I VT’..ijnmz J

T
^ N

is the mechanical speed of the rotor shaft,
is the speed related parameter reference,
is the actual angular velocity of the IM.

Rs
Ro

is the per-phase stator resistance,
is the per-phase rotor resistance.

CO M

is the normalised base inductance
is the IM base impedance
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3.9:

IM MODEL SIMULATIONS

This section provides detailed results of Test 1 of Table 1.2, section 1.4 of chapter 1,
which concerns the development of a typical d-q mathematical model of IM [34]. This
is followed by an open-loop dynamic simulation of this IM mathematical model in the
Matlab/Simulink software environment which is validated for the following load
torque considerations:
1.

Zero Load Torque (mo=0 N-m)-Idle Mode

2.

Stepped Change Load Torque (mo=2.5 N-m)

The simulated D-Q mathematical model permits examination of the appropriate IM
performance characteristics pertaining to angular shaft velocity, developed
electromagnetic load torque, stator and rotor currents. The IM design models for the
different load torque conditions in the Matlab/Simulink environment are also included
below. The dormand prince ordinary differential equation (ode) simulation solver was
chosen for both load torque conditions having a maximum simulation setting of lOOps
and a minimum setting of 1 Ops.
3.9- 1: Test One: Development and Simulation of d-q IM Mathematical
Model

This sub-section refers to the development of a typical d-q mathematical model of the
IM [34]. In the technical literature sD and sQ are sometimes used instead of the
notation sa and sp for the stationary reference frame (s) [4]. The IM performance
characteristics pertaining to angular shaft velocity, developed electromagnetic torque,
stator and rotor currents subject to the following motor parameters were examined,
subject to the following machine parameters.
3.9- 2: IM Model Parameters

A three-phase, two pole, 220Vrms., 60Hz squirrel-cage IM has the following
parameter values in Table 3.1 which were used for these IM model simulations:
Table 3.1: IM Parameter Values:
Parameters:

Values:

Rotor Resistance, Rr(Q)

7.1

Stator Resistance, RsC^)

9.4

Stator Magnetising Inductance, LmCH)

0.37

Stator Leakage Inductance, Li s(H)

0.032

Rotor Leakage Inductance, Li r(H)

0.032

Rotor Inertia Co-efficient, JM(kg-m^)

0.001
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Figure 36 depicts the block diagram schematic of the IM mathematical model in the
a-P stationary reference frame (s) that is governed by eqts. (214 and 215).

com

Figure 36:
3.9-3

Mathematical Model of Induction Motor in a-p Stationary
Reference Frame

Objective of Test One (PART 1): Open-Loop Simulation of IM
Mathematical Model in d-q Stationary Reference Frame (s) with
Sinusoidal Supply of Fixed Frequency and Voltage

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the d-q stationary reference frame (s), subject
to the following load torque (mo) condition:
(Part 1)
Idle Mode, 0 N-m (free acceleration)
and executed with a 220V rms (Un), 60Hz (fivi) supply.

10

Chapter 3: Space Phasor Theory with Application to Induction Motors

3.9-4

Computation of the Direct- and Quadrature-Axis Voltage
Components; lids, Uqs:

The three-phase stator voltage components are given by:
COS(COj)
In

t/,A0 = V2[/„cos(

(216)

[/„(/) = V2C/^cos(«,„/ + ^)
where Vis the rms phase voltage input specified to be 220V, and /a/ is the excitation
frequency equal to 60Hz. Invoking the Parks Transformation allows Uds, Uqs to be
defined as:
In
3 ^
In.

dS
qS

3

OS

cos(6> + —)
3
. , _ 2/r,
- sm(^ + —
3 ^
1

AS

(217)

BS
CS

2

Figure 37(a) illustrates an open-loop mathematical model of the IM developed in the
Matlab/Simulink software environment with a load torque condition (nio) of ON-m.
Figures 37(b) to 37(h) shows performance characteristics pertaining to Figure 37 (a).
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Figure 37 (a): Open-Loop dynamic simulation of d-q mathematical model of IM
having a load torque of O N-m
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me (N

3.9-5

Discussion of Simulation Results For Idle Mode Of Operation (Mct =0
N-m) with Sinusoidal Supply of Fixed Frequency (Fm=60F[z) and
Voltage (Un=220 Vrms)

The IM performance characteristics illustrated the dynamics and torquespeed characteristic of the mathematical model in the d-q stationary reference frame
(s).
Figures 37(b) and 37(c) denote the direct and quadrature axis stator current
components-ids and iqs respectively for which there exists an orthogonal relationship,
while Figures 37(d) and 37(e) illustrate the direct and quadrature axis rotor current
components-idr and iqr respectively for which there again exists an orthogonal
relationship. Figure 37(f) shows the developed electromagnetic torque (me) subject to
a no-load torque condition, while Figure 37(g) illustrates the mechanical speed
characteristic (com).
Analysing the transient step response of the mechanical speed (com) and
developed electromagnetic torque (mg) characteristics in Figures 37(f) and 37(g)
reveal the following result. During the time interval 0 s to 0.155 s the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 377 radians per second. From Figure 37(f) there is a
high starting torque (mg) of 8 N-m developed to effect the increase in machine speed
from 0 radians per second to 377 radians per second during the transient phase. To
sustain this high starting torque value of 8 N-m during the transient phase, the stator
and rotor currents in figures 37(b) to 37(e) must also be at maximum value, which in
this case ±10 A
When the IM has reached its peak speed value in 0.155 s the machine is in
the steady-state operational mode. During this phase the mechanical torque mg in
Figure 37(f) decreases from its maximum value to just above 0 N-m to overcome
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friction losses. Figures 37(d) and 37(e) illustrate how the rotor currents decrease to
their nominal values of 0.5 A, while Figures 37(b) and 37(c) show that the stator
currents decrease to their nominal values of ±1.5 A to sustain the rotor torque.
At time 0.025 s, the effect of the decrease in mg to —1 N-m in Figure 37(f) is
to slow the rate of increase of com which is evident in the mechanical speed
characteristic of Figure 37(g). The effect of overshoot on the mechanical speed
characteristic of Figure 37(g) at time 0.12 s is evident in the torque-speed
characteristic of Figure 37(h). At 0.12 s com attains a value of 385 radians per second,
before reaching its final value of 377 radians per second at 0.155 s. The torquecharacteristic is plotted for the overshoot value of 385 radians/sec before com attains
its steady-state value of 377 radians per second. The effect is a curl in the torquespeed characteristic from 385 to 377 radians per second.

3.9-6

Objective of Test One (PART 2): Open-Loop Simueation of IM
Mathematical Model in d-q Stationary Reference Frame (s) with
Sinusoidal Supply of Fixed Frequency and Voltage

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the d-q stationary reference frame (s), subject
to the following load torque (mo) condition:
(Part 2)
Stepped Change Load Torque (mo=2.5 N-m)
and executed with a 220V rms (Un), 60Hz (fivi) supply.
Figure 38(a) illustrates the open-loop mathematical model of the IM in the d-q
stationary reference frame (s) in the Matlab/Simulink software environment. The IM
was subjected to a stepped change in load torque (mo) of 2.5N-m.
Figure 38(b) to 38(h) shows the performance characteristics pertaining to Figure 38
(a)
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Figure 38 (a): Open-Loop dynamic simulation of d-q mathematical model of IM
having a stepped load torque of 2.5 N-m
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Figure 38(h)-The Torque-Speed Characteristic
3.9-7

Discussion Of Simulation Results For Stepped Change oe load torque
with Sinusoidal Supply of Fixed Frequency (Fm=60FIz)
AND Voltage (Un=220 Vrms)

(Mo = 2.5 N-m)

The performance characteristics illustrated the dynamics and torque-speed
characteristic of the mathematical model of the IM in the d-q stationary reference
frame (s).
Figures 38(b) and 38(c) denote the direct and quadrature axis stator current
components-ids and iqs respectively, for which there exists an orthogonal
relationship, while Figures 38(d) and 38(e) illustrate the direct and quadrature axis
rotor current components- idr and iqr respectively, for which an orthogonal
relationship also exists. Figure 38(f) shows the developed electromagnetic torque (mg)
subject to a stepped change of load torque condition of 2.5 N-m, while Figure 38(g)
denotes the mechanical speed characteristic (com).
Analysis of the mechanical speed (com) and developed electromagnetic
torque (mg) charaeteristies in Figures (38(f) and 38(g)) respectively, reveal the
following observations. During the period 0 s to 0.255 s the IM is in transient
operational mode. This means that the IM is increasing towards its maximum rated
speed value of 354 radians per second. Figure 38(f) shows that there is a high starting
torque developed (mg) of 8 N-m to maintain the increase in rotor speed from 0 radians
per second to 354 radians per second during the transient phase. To initiate this high
starting torque value of 8 N-m and sustain a load torque of 2.5 N-m during transient
operation, the stator and rotor currents of figures (38(b) to 38(e)) must also be of
maximum value, which in this case are ±10 A.
After the IM has reached its peak speed in 0.255 s the machine is in the
steady-state running mode. During this phase of IM operation the developed
electromagnetic torque (mg) decreases from its maximum value to just above 2.5 N-m.
Figures 38(d) and 38(e) illustrate how the rotor currents decrease to their nominal
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values of 0.5 A, while Figures 38(b) and 38(e) show how the stator eurrents decrease
to their nominal values of ±1.5 A to sustain the rotor torque.

3.9-8

Conclusions

For zero load torque (mo= ON-m) the IM reaches maximum steady-state speed (com
equals 377 radians per second) in approximately 0.155 s. During the transient period
(0 s to 0.155 s) the high starting IM torque developed (mg) is maintained by the stator
and rotor currents at maximum value. In the steady-state operational phase mg
decreases to its nominal value as well as the stator and rotor currents. The mechanical
speed characteristic experiences an overshoot of385 radians per second at 0.12 s.
For a load torque (mg) of 2.5N-m the machine reaches steady-state speed (com of 354
radians per second) in 0.255s, which represented a decrease of some 23 radians per
second on the zero load torque condition. During the transient phase from 0 s to 0.255
s, the developed electromagnetic torque (mg) and load torque condition (mo=2.5N-m)
were sustained by the stator and rotor currents at maximum value. During the steadystate operational mode mg decreases to its nominal value as well as the stator and
rotor currents. It was observed that the greater the load torque (mg) on the IM shaft
the longer the transient phase persists before the motor reaches the steady-state speed
of 354 radians per second.

3.10 Details of IM Simulation Programs for Test 2 (A and B)
This section provides detailed results of Test 2 (a and b) of Table 1.2, section 1.4
of chapter 1. The section concerns the development of a mathematical model of an
actual high-performance industrial IM drive supplied by Moog Ireland [36] in the
a-p stationary reference frame that is governed by eqts. (214 and 215). This model is
supplied by a sinusoidal supply source, which is validated for the following load
torque considerations:
1.
2.
3.

Zero Load Torque-Idle Mode (ON-m)
Stepped Change of Load Torque (+0.68N-m)
Nominal Load Torque (±0.68N-m).

This simulation exercise permits examination of the IM performance characteristics
pertaining to the angular shaft velocity, developed electromagnetic load torque, stator
and rotor currents. The IM design models for each of the tests specified in the
Matlab/Simulink environment are also included.
3.10- 1

Test Two (a and b): Simulation of IM Mathematical Model in a-p
Stationary Reference Frame (s) with Sinusoidal Supply

This subsection concerns the development of a typical a-p mathematical model of the
IM [7]. In this application the direct and quadrature axis of the stationary reference
frame are denoted by sa and sp respectively. Using the dynamic machine model of
the IM in the a-p stationary reference frame (s), the IM performance characteristics
pertaining to the angular shaft velocity, developed electromagnetic torque, direct- axis
stator and rotor currents were examined subject to the following machine parameters:
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3.10-2 IM Model Parameters:

Three-phase, four pole (two pole pair, p=2), 220V(rms.), 50Hz squirrel-cage IM,
having the following parameter values as defined in Table 3.2 and employed for IM
model simulations:
Table 3.2: IM Parameter Values
Parameters:

Values:

Rotor Resistance, Rr(Q)(^ 20°C

0.61

Stator Resistance, Rs(^2) @ 20°C

0.7

Stator Magnetising Inductance, Lm(H)

0.0817

Stator Leakage Inductance, Lls(II)

0.0027

Rotor Leakage Inductance, Llr(II)

0.0025

3(|) Input Nominal Voltage (rms), Un (V)
3(|) Input Nominal Current (rms). In (A)

220
14

System Inertia Co-efficient, JM(kg-m^)

0.002750

3(|) Input peak Voltage, Ub (V)
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3(t) Input peak Current, Ib (A)

19.8

Base Impedance, Zb (Q)

15.7142

Normalised Rotor Resistance, rR(Q)@
20°C
Normalised Stator Resistance, rs(Q)@
20°C
Stator Magnetising Reactance, X[vi(Q)
Xm(Q)=2*71*50* Lm
Normalised Stator Magnetising Reactance,
X]vi(Q)=Xivi/ Zb
Stator Leakage Reactance, Xls(^^)
Xi s(Q)=2*7r*50* Lls
Normalised Stator Leakage Reactance,
xls(^^)=Xls/ Zb
Rotor Leakage Reactance, Xlr(Q)
XLR(Q)=2*7r*50* Llr
Normalised Rotor Leakage Reactance,
Xlr(^)'=Xlr/ Zb
Normalised Stator Reactance, xs(Q)
xs(Q)=Xs/ Zb
Normalised Rotor Reactance, xr(Q)
Xr(Q)=Xr/ Zb
IM Reactance Matrix, w(Q)

0.038853
0.04458
25.7
1.6334
0.8482
0.054027
0.7854
0.050025
1.6873
1.6833
0.1721
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Inverse Speed Parameter Reference, Tn(s)

0.0032

Tn(s)=1/Qn

Normalised Speed Parameter,

(rads/sec)

314.159

Synchronous Speed, no (rpm)
no=

120*/.

------ ^
P
where, = 50Hz

3000

The parameters listed in the above table are explained in section 3.8-1 with eqts.
215(a) and 215(b). All the IM parameters are normalised with respect to the machine
base impedance Zb calculated from the ratio of the peak-input voltage Ub to the peakinput current IbI

-* D
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= 15.7Q
19.8

3.10-3 Objective

of Test 2(A and B) (PART 1); Open-Loop Simulation of IM
Mathematical Model in the a-p Stationary Reference Frame with a
Zero Load Torque Condition and Sinusoidal Supply

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in Figure 36, subject to the following load torque (mo) condition:
(PART 1)

Zero Load Torque (ON-m) -Idle Mode (Free Acceleration)

Figure 39(a) illustrates an open-loop mathematical model of the IM in the a-p
stationary reference frame (s). This model is developed in the Matlab/Simulink
software environment with a load torque condition (mo) of ON-m, and is supplied with
a sinusoidal voltage source of 220V rms at 50Hz.
Figure 39(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 39 (a), with periodic reversal of the stator phases at 1 sec
intervals.
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Figure 39(b): Performance Characteristics via open-loop simulation of IM Mathematical Model
from a Sinusoidal Voltage Supply with Zero Load Torque (mo=0 N-m)
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3.10-4

Discussion of Simulation Results For Idle Mode Of Operation (Mq = 0
N-m) with Sinusoidal Supply and Periodic Reversal of Stator Phases

The Dormand Prince (ode45) solver was chosen for this exercise having a
maximum simulation step size of SOOps, and a minimum of 100 ps respectively.
The performance characteristics illustrated in Figure 39 (b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), -stator
flux-linkage (T^s), and -rotor flux-linkage (T'r), for the three-phase mathematical
model of the IM in the a-p stationary reference frame (s).
Consideration of the mechanical speed (com) and developed electromagnetic
torque (me) characteristics during the interval 0 s to 0.2 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (mg) of 3.2 N-m to
allow for acceleration of the rotor to its rated speed value. To sustain this high starting
torque value a high stator current (isa) of ± 4 A is required. After 0.2 s the machine is
in the steady-state running mode. During the steady-state phase, mg decreases to a
value just above 0 N-m. To maintain mg at this value, isa decreases to the nominal
value of ± 0.5 A.
At the instant of phase reversal at 1 s, the motor begins decelerate to zero
speed and then accelerate in the opposite/negative direction. During the transient
interval 1 s to 1.3 s there is again a high motor electromagnetic torque (mg) of -5 N-m
developed. To maintain this motor torque value a high stator current (isa) of ± 4 A is
required. When the IM has reached its peak negative speed in 1.3 s the machine is in
the steady-state running mode. During the steady-state phase, mg decreases to a value
just above 0 N-m. To hold mg at this value, isa decreases to the nominal value of ±
0.5 A. The simulation cycle is then repeated.
The observed stator- and rotor flux-linkage characteristics are not stabilised.
For both to be stabilised they should maintain a constant value of 1. At the instant of
each phase reversal the stator flux-linkage characteristic increases to 1.5 (with a 50%
overshoot) and decreases to 0.4 (with a 60% undershoot).
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The simulation block labelled ‘phase reversal’ in Figure 39(a) is depicted in
Figure 40(a). In this block a time step was introduced for which a change of the phase
voltage supply occured. The contents of the phase reversal simulation block is
depicted in Figure 41(a).

usa

In1

Outi — usa

USp

In2

0ut2 — usp

phase reversal

Figure 40(a): Phase reversal block

usp

Out2

Figure 41(a): Contents of block phase reversal
3.10-5 Objective

of Test 2 (a and b) (PART 2): Open-Loop Simulation of IM
Mathematical Model in the a-p Stationary Reference Frame with a
Stepped Change Load Torque Condition and Sinusoidal Supply

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in Figure 36, subject to the following load torque (mo) condition:
(PART 2).
Stepped Change of Load Torque (+0.68N-m)
Figure 42(a) illustrates an open-loop mathematical model of the IM in the a-p
stationary reference frame (s). This model is developed in the Matlab/Simulink
software environment with a stepped change load torque condition (mo) of + 0.68Nm, and is supplied with a sinusoidal voltage source of 220V rms at 50Hz.
Figure 42(b) shows the normalised performance characteristics in per unit, pertaining
to Figure 42(a) with periodic phase reversal synchronised with load icrque stepping
at 1 sec intervals.
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Mechanical speed,
o)m[pu]
Load Torque, mo[pu]
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betha[pu]
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betha[pu]

Figure 42(b): Performance Characteristics via open-loop simulation of IM
Mathematical Model from a Sinusoidal Voltage Supply with Stepped Change of Load
Torque (mo=+0.68 N-m)
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3.10- 6

Discussion of Simulation Results for Stepped Change Of Load
Torque, (Mq +0.68 N-m) with Sinusoidal Supply and Synchronised
Periodic Reversal oe Stator Phases

The Dormand Prince (ode 45) solver was again chosen in the IM simulation
exercise with a maximum simulation step size of 800ps, and a minimum value of 100
ps.
The performance characteristics illustrated in Figure 42(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (me), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), -stator
flux-linkage (T's), and -rotor flux-linkage (T'r), for the three-phase mathematical
model of the IM in the a-p stationary reference frame (s).
Consideration of the mechanical speed (com) and developed electromagnetic
torque (me) characteristics during the period 0 s to 0.2 s show that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (me) of 3.2 N-m to
allow for acceleration of the rotor to its rated speed value. To maintain this high
starting torque value a high stator current (isa) of ± 4 A is required. After 0.2 s the
machine is in the steady-state running mode. During the steady-state phase, me
decreases to a value just above 0 N-m. To sustain me at this value, isa attains its
nominal value of ± 0.5 A. To initiate the stepped change in load torque (mo = +0.68
N-m) and hold me at +0.68 N-m, isa increases to ± lA from 0.5 s to 1.5 s. During the
intervals in which the load torque is stepped there is a slight reduction evident in the
mechanical speed characteristic.
The observed stator- and rotor-flux-linkage characteristics show a good
degree of stabilisation. Each time a stepped change of load torque is applied to the IM
the stator flux-linkage characteristic increases to 0.95 (with a 5% undershoot), whilst
the rotor flux-linkage characteristic decreases to 0.90 (with a 10% undershoot).
3.10- 7 Objective

Test 2 (a and b) (PART 3): Open-Loop Simulation of IM
Mathematical Model in the a-p Stationary Reference Frame with a
Bipolar Nominal Load Torque Condition and Sinusoidal Supply
of

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in Figure 36, subject to the following load torque (mo) condition:
(PART 3).
Nominal Load Torque (±0.68N-m)
Figure 43(a) illustrates an open-loop simulation of the mathematical model of the IM
in the a-p stationary reference frame (s). This model is developed in the
Matlab/Simulink software environment with a nominal load torque condition (mo) of
±0.68N-m, and supplied with a sinusoidal voltage source of 220V rms at 50 Hz.
Figure 44(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 43 (a), with periodic phase reversal synchronised with nominal
load torque stepping at 1 sec intervals.
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r
Mechanical speed, wm [pu]
Load Torque, mo [pu]
Developed Torque, me [pu]

Time(s)

Plus* A Si4tor Cynent. natpiia
*■

Stator Flux Linkage-'Fs=(psa+j9sp

Figure 44(b):

Rotor Flux Linkage-'Fr=(pDr+j9or

Performance Characteristics via open-loop simulation of IM Mathematical Model from a
Sinusoidal Voltage Supply with Nominal Load Torque (mo=±0.68 N-m)
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3.10-8

Discussion of Simulation Results for Nominal Load Torque, (Mq =
±0.68 N-m) with Synchronised Periodic Reversal of Stator Phases

The Dormand Prince (ode 45) solver was again chosen for this IM exercise
with a maximum simulation step size of 800|as, and a minimum simulation value of
100 ps.
The performance characteristics illustrated in Figure 44 (b) are the
normalised-angular velocity (com), -developed electromagnetic torque (me), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), -stator
flux-linkage (T's), and -rotor flux-linkage ('Fr), for the three-phase mathematical
model of the IM in the a-p stationary reference frame (s).
Consideration of the mechanical speed (com) and developed electromagnetic
torque (mg) characteristics during the period 0 s to 0.3 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radians per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (mg) equal to 3.5 N-m
to allow for acceleration of the rotor to its rated speed value. To maintain this high
starting torque value a high stator current (isa) equal to ± 4 A is required. After 0.3 s
the machine is in the steady-state running mode. During the steady-state phase, mg
decreases to 0.68 N-m. To hold mg at its nominal value, and to initiate the nominal
load torque (mo == +0.68 N-m), isa decreases to a nominal value of ± 1 A.
At the instant of phase reversal at 1 s, the motor begins to decelerate to zero
speed and then accelerate in the opposite/negative direction. During the transient
interval 1 s to 1.4 s, there is again a high motor electromagnetic torque (mg) of - 7 Nm developed. To maintain this motor torque value a high stator current (isa) equal to
± 4 A is required to allow for acceleration of the rotor to rated speed. After 1.4 s the
machine is in the steady-state operational mode. During the steady-state phase, mg
decreases to -0.68 N-m. To initiate the nominal load torque (mo = -0.68 N-m) and
hold mg = -0.68 N-m from 1.4 s to 2.0 s, isa decreases to a nominal value of ± lA.
The simulation cycle is then repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
both are not stabilised. For both to be stabilised they should maintain a constant value
of 1. At the instant of each phase reversal the stator flux- linkage characteristic
increases to 1.7 (with a 70% overshoot) and decreases to 0.35 (with a 65%
undershoot).
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In rotor flux-oriented veetor control described qualitatively in Chapter 3, the
direct-axis (x) is aligned with the rotor flux-linkage space vector, such that the rotor
flux-linkage contribution in the quadrature-axis (y) is zero. With this as the
motivation, a mathematical model of the induction motor (IM) in the a-p stationary
reference frame (s) is developed where the above condition is always satisfied. The
availability of digital signal processors in control of electrical drives provides an
opportunity to improve upon the conventional sinusoidal pulse-width modulation
scheme using a procedure that is termed space vector pulse-width modulation (SVPWM). This chapter presents an idealised SV-PWM voltage source inverter (VSI)
used to supply the motor voltages. The motivation for the application of this
modulation technique over the conventional sine-triangle pulse-width modulation
(PWM) technique is discussed. The development of the SV-PWM algorithm is also
discussed in detail through a graphical analysis of the three-phase VSI power circuit,
and the realisation of the inverter states and switching times are also analysed.

4.1

Power Converters in IM Operation

IM’s that are used in electrical drives and servo-systems need to be
controlled. The angular velocity of a squirrel-cage IM can be regulated by varying the
magnitude and frequency of the phase voltages applied to the stator windings. The
basic components of variable-frequency converters are the rectifier, filter, and
inverter. The simplest rectifiers are the single-phase- half-wave and -full-wave
rectifiers. Polyphase rectifiers are used for medium- and high-power IM’s. Such
rectifiers contain several a.c. sources, and the rectified voltage is summated at the
output. The function of the filter is to reduce the harmonic content of the rectified
output voltage. Passive and active harmonic reduction, harmonic elimination, and
harmonic cancellation are obtained using passive and active filters. Inverters are used
to control frequency. The operating principle of the inverter is based on d.c. to a.c.
power conversion. Inverters are electrical circuits that convert the d.c. voltage or
current to a.c. voltage or current, and there are two basic types as follows:
•
•

Voltage Source Inverters (VSI)
Current Source Inverters (CSI)

For the VSI, the IM windings are fed with variable-frequency phase voltages. In
contrast, for the CSI, the IM windings are supplied with variable-frequency phase
currents. The d.c. voltage is obtained by rectifying and filtering the line voltage, and
the magnitude of the voltage can be controlled. PWM reduces the total harmonic
distortion. The PWM method requires control circuitry to drive the switches with high
frequency, and the filtering requirements are relaxed. Power converters provide an
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interface between the input energy source and the IM to be controlled as shown in
Figure 39.

Figure 40 illustrates high-level schematic configurations of variable-frequency power
converters, and these are: the PWM VSl with an unregulated rectifier; a square-wave
VSI with a regulated rectifier, and a CSI with a regulated rectifier. These power
converters allow magnitude and frequency control of the phase voltages and currents.
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Figure 40:
4.2

Variable-frequency power converter

Pulse-Width Modulation Power Converter Configuration

Typical PWM power configurations consist of three legs, one for each phase,
that control the magnitude and frequency of the phase voltages applied to the IM
windings, thereby regulating the angular velocity of the motor. The inverter converts
the d.c. bus voltage into a polyphase a.c. voltage at the desired frequency to obtain the
desired torque-speed characteristics, transient behaviour, efficiency, and starting
capabilities. Elowever switching losses and stresses, electromagnetic interference,
among other drawbacks associated with hard-switching inverters, have led to the
implementation of the soft-switching inverter technology. This enabling concept was
developed within the last thirty years. The soft-switching technology uses resonant
linked converters that allows for zero voltage across the switching device, that is, the
device is switched when the voltage across it is zero. Consequently, low switching
losses and electromagnetic interference, and high-efficiency results in comparison to
the hard-switching inverter technology. The hard- and soft-switching technologies are
depicted in Figures 41 and 42 respectively. Typical waveforms of the phase voltages
supplied to the IM windings pertaining to the hard- and soft-switching technologies
are shown in Figures 43 and 44.
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Figure 44:

Phase voltage waveforms in the soft-switching PWM
Inverter

Traditionally, PWM for a.c. drives had been implemented using analogue
techniques. The PWM signals are obtained by simple carrier-compensation or
“triangulation”. These techniques have survived in the integrated circuit version. The
operating principle of the carrier-compensation method is illustrated in Figure 45. The
reference waveforms, Uas, Ubs and ucs are given by:

u(cot) = F{m,cot)
^Bs (^0- F{m,cot

(218)

(cot) = F{m,cot

Here Uas, ubs and ucs are compared with a unity-amplitude triangular carrier
waveform, Ut(cot). F(m,cot) denotes the modulating function employed. The sinusoidal
modulating function, F(m,cot) =m sin(m,cot) employed in Figure 45, can be replaced
with any modulating function.
Consider the hard-switching inverter configuration shown in Figure 41 with
three switch pairs. To obtain three-phase balanced output voltages using the PWM
concept, a triangular signal-level voltage w,(cot) is compared with three sinusoidal
specified frequency control signals uas, ubs and ucs respectively, where each is
displaced from the other by 120°. The high frequency switches SI and S4, S3 and S6,
S5 and S2, are turned on and off simultaneously. For example if uas is less than Ut
then S4 is closed and SI is open. Similarly, if ubs is less than Ut then S6 is closed and
S3 is opened, and if ucs is less than Ut then S2 is closed and S5 is open The
instantaneous line-to-neutral voltages UaN, UbN, and Ucn are either equal to Ud or 0.
The resulting waveform for the phase voltage UaN is shown in Figure 45(b). The
resulting waveforms for the phase voltages ubs and ucs are similar to that of uas but
are displaced by 120° respectively. The waveforms of the instantaneous line-toneutral voltages are depicted in Figure 45(b) to Figure 45(d) respectively. The line-toline voltage Uab is obtained by subtracting UbN from UaN- The waveforms of Uab and the
rms. voltage are depicted in Figure 45(e).
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Figure 45:

Voltage waveforms for a three-phase sinusoidal PWM-inverter:(a)
Comparator voltages.
(b), (c), (d) A.C. line-to-neutral
voltages.
(e) A.C. line voltage

Square-wave VSFs, known as six-step inverters, are commonly used. A schematic
diagram of a three-phase square-wave VSI bridge is shown in Figure 46. The rectifier
rectifies the three-phase a.c. applied voltage, and the capacitor Cf maintains a constant
d.c. voltage as well as providing a path for the currents drawn from the inverter. The
inductance Lf attenuates current spikes. If the inverter switches (SI to S6) are
assumed to be ideal then the operating principle of the square-wave VSI can be
described as follows.
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Three-phase square-wave (six-step) voltage source inverter

Each switch is closed for 180° and is opened for the remaining 180° in a cyclic
pattern. Switch S3 is closed 120° after SI, and switch S5 is closed 120° after S3.
Switch S4 is closed 180° after SI, switch S6 is closed 180° after S3, and switch S2 is
closed 180° after S5. This switching operation is illustrated in Figure 47. The result of
this switching operation is that there are three switches closed simultaneously for
every 60° duration. This means that for six-step operation, the switching appears
every 60° angle interval. Most of the semiconductor controlled rectifier (SCR) based
inverters were operated in this mode only.
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To determine the voltage waveforms applied to the abc windings, consider the sixstep inverter and motor circuitry configurations depicted in Figure 48. During the
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interval from 0° to 60°, the switches S5, S6, and SI are closed, and from Figure 48
phases a and c are connected in parallel with each other and in series with phase b.
. Thus the apparent impedance, seen from the neutral of the motor (point N’), is halved.
2

The voltage dropped across phases as and cs equals — Ud, and the voltage dropped
across phase bs is “Ud. This means that for operation in this first 60° interval the
1

2

phase voltages applied to the abc windings are given by, UAs=-Ud, UBs=-yUd, and
ucs=^Ud. The above analysis is then repeated for the remaining 60°intervals.
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4.3

Sinusoidal Pulse- Width Modulation

Since most a.c. motors are designed to operate on a sinusoidal supply, and
the inverter output voltage should be as sinusoidal as possible then an obvious
solution is to use sinusoidal PWM. The principle of the sinusoidal PWM technique is
illustrated in Figure 49. Each inverter phase has a comparator that is fed with the
reference voltage for that phase and a symmetrical triangular-wave that is common to
all three phases. The ratio of the carrier frequency to the reference frequency (carrier
ratio) must be a multiple of 3 to ensure identical phase voltage waveforms in a threephase system. The triangular carrier has a fixed amplitude, and the ratio of the
reference sinusoidal amplitude to that of the triangular carrier amplitude is termed the
modulation index, m.
Output voltage control is obtained through variation of the reference sinewave amplitude. This variation alters the pulse-widths of the output voltage but
maintains the sinusoidal modulation pattern. In Figure 49, the carrieT- ratio is nine, and
the modulation index is almost unity. The corresponding pole voltages' vao, Vbo, vco,
and the resultant line voltages vab, vbc, vca, are shown in Figure (49(b) to 49(g))
respectively.
Adjustable-frequency operation of a sinusoidal PWM inverter supplying an
IM requires the generation of three-phase sine wave reference voltages of adjustablefrequency and -amplitude. If the motor is to operate at very low speeds down to
standstill, then the reference oscillator must have a corresponding low-frequency
capability down to zero frequency. With traditional analogue circuit techniques, it is
difficult to generate such a sine-wave reference without encountering problems such
as d.c. offset and parameter drift. Consequently, many of the earlier PWM inverter
drives employed the square-wave PWM technique because the electronic design of an
adjustable-frequency square-wave oscillator is relatively straightforward. However
the implementation of sinusoidal PWM has been facilitated by modem digital circuit
techniques that utilise programmable memory.
For large carrier ratios, the sinusoidal PWM inverter delivers a high-quality output
voltage waveform in which the dominant harmonics are of a high-order, being
clustered around the carrier frequency and its harmonics. Smooth motor rotation is
obtained at very low speeds since the undesirable low-order harmonics are eliminated
with a sinusoidal supply.
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4.4

Space Vector Pulse-Width Modulation (SV-PWM)

In the following sections, the principle of space vector pulse-width
modulation (SV-PWM) is presented. This section further includes the motivation for
the application of this modulation technique over the conventional sine-triangle PWM
technique. The development of the SV-PWM algorithm is also discussed in detail
through a graphical analysis of the three-phase VSI power circuit, and the realisation
of the inverter states and switching times.
4.4-1

Modulating Function PWM techniques

In recent years, there has been an increasing emphasis on the use of digital
and microprocessor-based techniques for the generation of PWM waveforms. Digital
control techniques facilitate implementation of PWM techniques based on the control
laws of eqt. (219) with various modulating functions:
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=

^[l + F( m,a^ )]

=

1 + F(m,a

c„ = — 1 + F{m,a

In

(219;

3

4n

where m denotes the modulation index, an is the central angle of the nth switching
interval, and d^,b^,c^ denote the average values of the switching variables a, b, and c
in the nth switching interval. Sinusoidal PWM described in this chapter under section
4.3, employs a sine-wave modulating signal that is compared with an isosceles
triangular carrier- wave to determine the inverter switching instants. This technique is
known as natural sampled PWM and has been widely adopted because of its ease of
implementation using analogue control circuitry. In a digital hardware
implementation, the sine-wave modulating signal can be stored in a look up table in
read only memory (ROM), and the sine values can be accessed at a rate corresponding
to the required fundamental frequency [2]. A triangular carrier-wave^ can be generated
using an up/down counter, and the two waveforms can be compared using a digital
comparator. However, natural sampling is essentially an analogue technique, and this
form of digital implementation is not very effective.
In a microprocessor-controlled PWM inverter, it can be difficult to calculate
the pulse-widths of the naturally sampled waveform because they cannot be defined
by an analytical expression.
4.4-2 Regular Sampled PWM:
An alternative approach which is essentially digital in nature, and which is
more appropriate for digital hardware or microprocessor implementation is Regular
Sampled PWM. This PWM technique is depicted in Figure 50. The sinusoidal
modulating-wave is now sampled at regular intervals corresponding to the positive
and negative peaks of the synchronised carrier-wave. The sample and hold circuit will
maintain a constant level until the next sample is taken. This process results in a
stepped or an amplitude-modulated version of the reference waveform. This stepped
waveform (Vr) is then compared with the triangular carrier wave (Vc), and the points
of intersection determine the switching instants of the inverter. The sample-hold
version of the modulating-wave has a constant step magnitude while a pulse-width is
being defined. Hence the pulse-width is proportional to the step height, and the
centres of the pulses occur at uniformly spaced sampling times.
In a ROM-based implementation of the regular sampled PWM technique,
there is a significant reduction in the amount of memory requirements, when
compared with the natural sampling PWM technique. From Figure 50 it can be seen
that the number of sine values needed to define one cycle of the sample-hold version
of the modulating wave is equal to the carrier ratio used. However for the natural
sampled PWM technique, a normal sine-wave is required and the definition of a
complete cycle at intervals of 0.5 degrees requires 720 values for example.
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Figure 51 depicts a three-phase VSI supplied from a regulated d.c. supply. Here it is
necessary to provide regulation of the output voltage and frequency so as to allow for
regulation on the angular velocity of the IM over a wide range. As from Figure 49 the
output of the three-phase VSI are three-phase pulse wavefonns of constant amplitude
and suitable pulse-widths.

In the PWM process the carrier waveform can be either of:
(depicted in Figure 52(a))
Sawtooth waveform
(depicted in Figure 52(b))
Triangular waveform
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4.5:

Space Vector Modulation (SVM) in IM’s
An understanding of SVM is necessary for the implementation of a vector
controlled SV-PWM VSI-fed IM drive system. Traditionally, PWM for a.c. drives has
been implemented using analogue techniques. Ordinarily, the PWM signals are
obtained by a direct comparison of a triangular carrier-waveform with a desired
modulating function. For a three-phase machine, three independent PWM stages are
required, with one allocation per phase. The three modulating functions applied to
these PWM stages are proportional to the desired stator phase voltages. These
reference voltages are often obtained as the outputs of analogue regulating current
controllers.
Current control of a.c. drives has moved towards a digital implementation.
The generation of PWM signals has now become an inherent digital problem. Many
processors now include a digital PWM generation function on the same integration
circuit. Therefore, in a modern all digital drive it is inevitable that some form of
digital PWM is required. It is possible to implement a direct digital equivalent
depicting the comparison between a sawtooth carrier and a desired modulating
function. These techniques are known as regular sampled since the PWM signals are
derived by comparison of a regularly sampled version of the modulating function with
a carrier reference. However such schemes are close approximations to the traditional
analogue sine-triangle PWM strategy.
In recent years, a new modulating technique known as SV-PWM has been
developed. While offering a new, inherently digital computation method, this
technique produces identical PWM signals to those that would be obtained from
comparison of a triangular carrier-waveform with a suitable defined modulatingwaveform. The main advantages of this modulating technique are:
•

Simple, inherently digital calculation of the switching times

•

A fifteen-percent increase in dc-link voltage utilisation compared with sinetriangle techniques

•

Lower harmonic content, particular at high modulation indices compared with
sine-triangle techniques.
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4.5-1: Realisable Inverter States for a Three-Phase Voltage Source
Inverter

The three-phase VSI is designated ABC2. Each pole can assume any one of
two values depending on whether the upper or the lower switch is turned on. Both
switches cannot be on simultaneously to avoid shorting of the supply voltage, and this
is referred to as ‘shoot-through’. There must also be a dedicated time allocation for
one switch to turn on before another turns off so as to avoid ‘shoot-through’, and this
is referred to as dead time. Consequently, the inverters can take one of the eight
possible operating states resulting from the switching of the six power MOSFETS.
These eight states for the three-phase VSI are illustrated in Figure 52.
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STATE 6:

STATE 7:

1101]

active states are

11111

4.5-2: Three-Phase Voltage Source Inverter Operation
Figure 53 depicts the power circuit of a three-phase VSI. Assuming that of the two
power switches in each leg of the inverter one and only one is always on, neglecting
the time intervals when both switches are off (blanking time), three switching
variables A, B, and C (as governed by eqt. (219(a)) are assigned to the inverter. The
instantaneous line-to-line output voltages Vab, Vbc, and Vca are given by:
' 1
= Vdc * 0
-1

-1
1
0

O' 'a
-1 * B
1
C

(220)

In a balanced three-phase system, the instantaneous line-to-neutral output voltages
Van, vbn, and vcn are given as:
^AN
^BN
^CN_

2
Vdc
^
_
* -1
3
-1

-1
2
-1

-1

A
-1 * B
[cj
2

(221)

Eqts. (220 and 221) allow for easy determination of the line-to-line and line-to-neutral
output voltages for all states of the inverter. The results are assembled in Table 4.1.
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lin

N
Figure 53:

Power Circuit for the three-phase VSl

Table 4.1: States and Output Voltages of the three-phase Voltage Source Inverter
Vca/Vdc

VAN/Vdc

V|}N/Vdc

vc'N/Vdc

0

0

0

0

0

1

0

-1

2/3

-1/3

-1/3

110

0

1

-1

1/3

1/3

-2/3

3

010

-1

1

0

-1/3

2/3

-1/3

4

oil

-1

0

1

-2/3

1/3

1/3

5

001

0

-1

1

-1/3

-1/3

2/3

6

101

1

-1

0

1/3

-2/3

1/3

7

111

0

0

0

0

0

0

State

ABC

Vab/Vdc

0

000

0

1

100

2

Vbc/Vdc
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From Table 4.1, and Figure 54 the line-to-line voltages can assume only three values
(0 and ±Vdc), while the line-to-neutral voltages can assume five values (0, ±0.33Vdc,
±0.66Vdc)

STATE

Vab

V DC

■Xot

^ -V DC
t V DC’

Vb<

->cot

-V DC

^ +Vdc

Vca

-►cot

Ir -Vdc

Van ^2/3Vnr;

1/3V DC’
I

•1/3V DC'

>cot

-2/3Vdc’
2/3V DC

ii

->(Ot

BN

I-1/3Vdc

ii
71/3

Figure 54:

I 2/3V

1/3V DC

VcN

DC

-►cot

-1/3 Vdc
-2/3Vdc
271/3 !

71

471/3 f

571/3

271

States, switching variables, and output voltage waveforms in a
three-phase VSI
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4.5-3: Voltage Vector Realisation for the Three-Phase VSI
The eight states of the three-phase VSI correspond to eight fixed voltage
space vectors that includes six active vectors and two zero vectors as shown in Figure
55. A general expression for the eight realisable voltage vectors is as follows:
j{k -\)n:

Vs.K

k = 1,2...... 6

=

(222)

V S ,K

=

State 1:

{0;A: = 0,7
100

Invoking the Parks Transform, and assuming a zero-state sequence (i.e. balanced three-phase
conditions):
4k .
Ik
cos(^)
cos{6------ )
cos(^------ )
F,Sa
3
3
=—* V *
4
k
2
k
VSp
3
- sin(^)
_sin(0-^)
sin(6> ——)

(223)

Sa

-

Fcsp

F

= V,s\

*

3

State 2:

110

Invoking the Parks Transform, and assuming a zero-state sequence (i.e. balanced three-phase
conditions):
FSa
Fsp

-_*F
3

FSa — _ * 1/
Fsp
3

State 3:

2k

cos(^)

cos(^ - —)
3

- sin(6')

- sin(^ -—)
3

*

0.5
* s

2k

4k

cos(6>------- )
3
4k

-sin(<9—-)
3

(224)

= v,S2

010

Invoking the Parks Transform, and assuming a zero-state sequence (i.e. balanced three-phase
conditions):
2k
4;t,
cos(^)
cos(^------ )
cos(^------ )
FSa
3
3
——*F *
2
k
4k .
Fsp
3
-sin(^)
sin(^------ ) - sin(^------ )

(225)

FSa
Fsp

-0.5
—_*F
3

*

= v.S3
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State 4:

011

Invoking the Parks Transform, and assuming a zero-state sequence (i.e. balanced three-phase
conditions):
Att
cos(^ -^)
cos(^)
cos(6» —-)
KSa
3
_ _ * 7/ *
d/r
Vsp
3
-sin(^ - — ) -sin(6>-—)
- sin(6')
(226)
3
V.Sp

= —*V
3

State 5:

*

-1

= )^c

54

0

001

Invoking the Parks Transform, and assuming a zero-state sequence (i.e. balanced three-phase
conditions):
VSa
V.sp

^Sa

= —*J/
3

*

=—*V

*

cos(6>-—)

- sin(^)

-sin(^-—)
3

Itt

4;r

008(6^-^)
Ttt

-sin(^-—)
3

(227)

-0.5
.A -L

3

State 6:
State 6:

l/t

cos(^)

2

101

Invoking the Parks Transform, and assuming a zero-state sequence (i.e. balanced three-phase
conditions):
471
271
C08((9-^)
C08(^-—)
cos(^)
3
— _ * 7/ ♦
271
4;r
3
ys,
- 8in(^------ ) - 8in(^------ )
- 810(6^)

(228)

0.5
- _ * 7/
ySII
3

*
2

The reali8able voltage vector8 for the three-pha8e SV-PWM VSI are a88embled in
Table 4.2.
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Table 4.2: Realisable Voltage Space Vectors for a Three-Phase SV-PWM VSl
Voltage Vector

C
C
c
c

SA

SA’

SB

SB’

sc

SC’

Operation Mode

0

1

0

1

0

1

Free-wheeling

1

0

0

1

0

1

Active

1

0

1

0

0

1

Active

0

1

1

0

0

1

Active

0

1

1

0

1

0

Active

0

1

0

1

1

0

Active

1

0

0

1

1

0

Active

1

0

1

0

1

0

Free-wheeling

The six active voltage vectors subdivide the space vector plane into six equal sectors
and is illustrated in Figure 55.

Real
s a Axis

Figure 55:

Realisable Voltage Space Vectors for a three-phase voltage source
inverter
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The hexagon of Figure 55 represents the range of realisable voltage space vectors for
the three-phase VSI. Using the SV-PWM process it is possible to realise any arbitrary
voltage space vector that resides within the hexagon.
The maximum fundamental phase voltage that may be produced by the
inverter for a given de-link voltage occurs under six-step operation. The resultant
phase voltage developed by the inverter is depicted in Figure 56, where the six
different voltage levels, corresponding to operation at each of the active inverter states
can be seen. The fundamental component of the six-step voltage waveform is also
illustrated in Figure 56. From Fourier analysis, the fundamental voltage magnitude is
given by:
V S/XSTEP

4 FDC
K

(229)

This voltage level is achieved only at the expense of significant low frequency
distortion. It can be shown that for conventional sinusoidal modulation the maximum
achievable fundamental voltage is expressed as:
F,DC

F.

XXINPWM

(230)

If the space vector modulator is required to produce a balanced three-phase system of
voltages of magnitude Vi and frequency cOm given by:
= F, cos(<u„?)

=F,cos(o)J + r)

(231)

Vcf, = V, cos(£U„/ + 2r)
Where y denotes 120° angular separation. The corresponding reference voltage space
vector is given by:
V, =F,[cos((y„r)-_/sin(®„/)]
(232)

V, =

2
The modulation index M is defined as the ratio of the desired peak fundamental
voltage to half the de-link voltage supplied, and is given by:
M=

F.
fV
^
^ DC

(233)

Therefore the reference space vector describes a circular trajectory of radius Vi at an
angular velocity cOm in the complex plane. Two reference voltage trajectories are
illustrated in Figure 57 for modulation indices of M=0.58, and M=1.15, respectively.
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Figure 56:

Resultant inverter phase voltage and corresponding fundamental
component for six-step operation
ImjsP

Real sa
Axis

Figures?:

Reference voltage space vector trajectories for M=0.58 and
M=1.15

The largest possible voltage magnitude that can be obtained using the SV-PWM
strategy depends upon the radius of the largest circle (i.e. depends upon the value of
the modulation index) that can be inscribed by the hexagon of Figure 57. The
maximum fundamental phase-voltage that can be obtained corresponding to
modulation index of 1.15 above is given by:
V

M=

^

DC

=

V
V.DC

2-^

(234)

2
V

Y _ ^ DC

V
r DC *115
A • i

From eqt. (230) the maximum achievable fundamental voltage for conventional
sinusoidal modulation is given by:
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V SINPWM

V,DC
(235)

From eqt. (229) for the three-phase six-step inverter, the maximum fundamental
voltage that can be achieved is given by:
V ,SIXSTEP

4 V,DC
n

(236)

Thus for a given dc-link voltage, the sine wave PWM inverter has a fundamental
voltage capability that is only 78 percent that for a six-step inverter. For conventional
sinusoidal modulation only 78.5 percent of the inverter capacity is used, whilst for the
space vector modulation technique the maximum fundamental magnitude that may be
obtained is approximately 90.6 percent of the inverter capacity. Th’S represents an
increase of 12 percent in the maximum voltage compared with conventional
sinusoidal modulation.
Improved utilisation of the available dc-link voltage is possible in a sine
wave PWM inverter when the modulation index is increased above unity as is
illustrated in Figure 58. The increase in modulation index overrides the normal
sinusoidal modulation process and is termed over-modulation. Here some of the
intersection points between reference and carrier waves are lost, and consequently
pulses are dropped in the output voltage waveform. For large values of modulation
index the only intersections are those at the zero crossings of the sine wave. This
implies that the pole voltage waveform is now an un-modulated square wave, and the
inverter has transitioned from sine wave PWM to the six-step mode of inverter
operation.

The penalty of adopting an over-modulation approach as shown in Figure 58 is that
the true sinusoidal modulation strategy is abandoned, and low order harmonics
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reappear in the output voltage waveform. The carrier ratio, cr, (ratio of the carrier
frequency {fn) to the reference frequency ifm)) determines the order of the
predominant harmonics in the sinusoidally modulated pole voltage waveform.
Analytical techniques can be used to derive a mathematical expression for the
harmonic spectrum of the PWM waveform, but the resulting expression is complex
and involves bessel functions [2].
4.5-4

Development of the Space Vector Algorithm

The first step in the development of the space vector algorithm is to determine the
sector in which the desired voltage space vector resides. This can be resolved from the
argument, given by:
^ = tan'

W'sP

0<^<27r

(237)

The sector m can be then determined as:
m =

{l},0 <^(

( - ^ TT
m

, '2.71

= {3}.y S

(238)
m = {A\,n<^d4r

m = {b},^ <«^<2;r
This implementation requires the calculation of the arc-tan function for each
modulation cycle, which can become a time consuming calculation, or it can rely on
the utilisation of a large look up table. An alternative approach is to examine the
polarities and relative magnitudes of the real and imaginary parts of the reference
vector, and in doing so it is possible to develop a simple algorithm to determine the
sector of operation.
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4.5-5: Computation of Active State Times
The SV-PWM strategy is applicable to any voltage vector that lies within the
inverters capability. The desired voltage space vector at any instant can be written in
Cartesian co-ordinates as:
Vs = Vsa + jV'sf
(239)
Consider the example of Figure 59, in which the reference voltage space vector is
found to reside in sector 1. The inverter cannot produce this voltage directly, but it is
possible to decompose the voltage into two vectors,
’ that resides on the
two active inverter vectors on either side of the reference vector. In space vector
notation:
=K+K
(240)

where the vectors
and
, are obtained by operating at the relevant inverter states,
1^5, and
h)r suitable portions of the switching period, Ts. In general when
operating in sector m, the reference vector can be written as:

VsM
rrt

and

S, M

+

rjrt

I

(241)

S,M+\

represent times spent at the adjacent active inverter states,

and

respectively. The subscript m denotes the sector of operation. Following
appropriate substitution of eqt. (239) into eqt. (240) and for
and
^4^(222) and considering real and imaginary parts, it is possible to write expressions for
the active state times valid for any arbitrary voltage space vectors and all possible
sectors of operation as:
T = ^-T
^ mn^
^ m/t^
- V*sp cos
V Sa sin
VDC
3 )
3 J
. (242)
kA

T/W + l

^ Q

VDC

V* sp cos

(m - 1);t

- V*Sa sin

(m - 1);t

y
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Due to the cyclic nature of the process, for m=6, the voltage space vector produced
is assumed to be equal to
The remainder of the modulation cycle is subdivided between the zero states:
= ^0(243)
The apportionment of the time
between the two zero states presents a degree of
freedom to the process that may be used to change the characteristics of the
modulation. Equal portioning between the zero states produces conventional SVM
waveforms.
4.5-6: Production of Inverter Switching Signals

Having determined the active and zero state times for a particular modulation
cycle, the next step is to determine the appropriate switching signals, Sa, Sb, Sc to be
applied to the inverter. Minimum inverter switching is achieved when the transition
from one inverter state is obtained by switching only one inverter pole. It is
considered an advantage to begin the modulation cycle with a zero state sequence and
to end the cycle with a zero state sequence. The off time is divided equally amongst
the zero states. The choice of zero state to begin with is at the discretion of the user.
Figure 60(a) depicts typical inverter switching signals for double edge SVM in sector
one. Here the cycle begins in state 0 (000) with each inverter pole being successively
toggled until state 7 (111) is reached. The pattern is then reversed to complete the
modulation cycle. This technique is referred to as double edge space vector
modulation, and this approach to the production of the inverter signals is by far the
most prevalent due to its inherent harmonic advantages. Figure 60 also shows the
times from the start of each modulation cycle at which the inverter poles are toggled,
Taon, Tbon, Tcon respectively. Taking the variations from one sector to another into
account it is possible to calculate these times as functions of both the active and zero
state times, and these results are tabulated in Table 4.3. The time at which pole A is
toggled back to its initial state is:
(244)
TAOFF = T
^ S -T
^AON

Sb

Sc

Figure 60(a)-Sector 1

Sa
Sb
Sc
T3/2 ^2/2^ To/2^

Taon
Tbon
Tcon ^
Ts

<

Figure 60(b)-Sector 2
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Sa

Sb

Sc
To/2

T3/2

T4/2

T7

T4/2

T3/2 To/2

◄——►

Taon

^

►

Figure 60(c)-Sector 3

Sa
Sb

Sc
To/2 T4/2 Tj/2

T7

T5/2

T4/2

To/2

<——►
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Sa

Sb

Sc

W2

T,

◄----►-

>y2>J.

Taon ^
Tbon ^
Tcon ◄-

Figure 60(f)-Sector 6
Ts <
Figure 60(a) to (f):

Typical inverter switching signals for double edge SVM in
sectors 1 to 6 respectively.

Table 4.3: Switching times of the three-inverter poles as a function of the sector of
operation for double edge space vector modulation
Sector
Voltage vector sequence
Taon
Tbon
Tcon
Number(m)
T0/2+T1/2
1
T0/2+T1/2
To/2
Vsi Vs2 Vs7 Vs2 Vsi Vso
Vso
2

Vso

Vs3

Vs2

Vs7

Vs2

Vs3

Vso

T0/2+T2/2

To/2

3

Vso

Vs3

Vs4

Vs7

Vs4

Vs3

Vso

To/2

4

Vso

Vs5

Vs4

Vs7

VS4

VS5

Vso

T0/2+T3/2
+T4/2
T0/2+T4/2
+T5/2

+T2/2
T0/2+T2/2
+T3/2
T0/2+T3/2

T0/2+T4/2

To/2

5

Vso

Vs5

Vs6

Vs7

VS6

Vs5

Vso

T0/2+T5/2

T0/2+T5/2
+T6/2

To/2

6

Vso

Vsi

Vs6

Vs7

VS6

Vsi

Vso

To/2

T0/2+T6/2

T0/2+T6/2

+T7/2
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4.5- 7: Limits OF Operation

If the space vector algorithm is implemented in a digital current control loop, a
voltage vector that exceeds the inverter capability may be demanded. This may be the
case for a demanding torque transient, where an excessively large voltage vector is
demanded. For a strict space vector algorithm implementation it is necessary to detect
and limit such a vector. There a two such limiting strategies and these are
1. Circular Limit
2. Hexagonal Limit
4.5- 7.1: Circular Limit

The circular limit strategy is applied when the reference voltage vector exceeds the
maximum circular locus of Figure 57 such that Vi_svm '•
(245)

+ {V
Here a modified voltage vector given by:
Sa)‘

V

n

= V

Sa

' +

jy

s,'

(246)

is applied where:
V 1 ,SVM

VSa
Sa

)"

V

Sa

(247)

+ (V sp)

V, ,SVM

V sp

V sp
(248)
+ (V S/3)
In this limiting method the resultant voltage vector is oriented in the same direction as
the reference voltage vector and remains within the largest circular locus of Figure 57.
This approach ensures continuous modulation so that the average line voltages remain
sinusoidal at all times. However from eqt. (245), the algorithm does require
calculation of a square root and a division. If it is desired to eliminate pulse dropping
then it might be necessary to limit the voltage vector to a smaller circular locus so that
the pulse-widths do not become very small.
SaY

4.5-7-2: Hexagonal Limit

It is also possible to determine whether a voltage vector is unrealisable if:
(249)

Tm+Tm+i>Ts

For this limit strategy the modified times are defined by:
Tc
TM
TM
+ TM +1

TM

r,
+

T

+ T

TM

(250)

+1

(251)

as to produce a physically realisable voltage vector. The resultant vector is again
oriented in the same direction as the reference voltage vector but now resides along
the hexagonal inverter limit of Figure 57. This limiting algorithm is simpler to
implement but the resultant line voltages can contain some low frequency distortion
and pulse dropping can occur. The effective applied voltage vectors for the two
different limiting strategies are depicted in Figure 61 [35].
SO
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Figure 61:

Resultant applied voltage vector for different limiting
strategies

Recall the voltage space vectors Vsi to Vs6 were defined as;
4S

a

—

___ *7/

Sa

* y
^ DC

*

0.5
VC

-

/

“

^ S 2

sp

* y

Sa

^

DC

*

*

sp

Sa

— _* y

*

=

3

sp

— _* 1/
3

Sa

*

- 0.5

VC

-0.5
-

*

Sa

^

DC

*

0.5
=

Invoking eqts. (239) and (241) the reference voltage space vectors Vi to
can be defined as

SP ^ rp ' S,2
^S

T
y - T — * ^yDC * ^ + T — * V
■'5'^! “ ''I 2

0

^3

0.5
* Vi

T y -T
^s’^2 ~ ■'i 3

2

V3 reference voltage space vector

Jr

i c

-0.^
T y -T — *v

^S'^3

“

DC

*

vectors

-Ij
4.T
+ -'2 —*y
2 ^DC *
0
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Vs reference voltage space vector

V6 reference voltage space vector

Z

V -^v +^V
*^6 ^ rj. S,(>
-0.5

TV-T-*V
^s’^5
-Z ^ ^DC *
1

0.5

9

+ T -*V * -41
^■'2 2 *^DC
2

2

TV - T — *V

0.5
2 * 1/ ♦ -43
j. r _
* ,+^23
^DC
2
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The times Ti,T2,To, that make up the modulation cycle are defined corresponding to
each sector of operation, and ml denotes the depth of modulation. It is convenient to
consult Table 4.4 when defining these times.
Operation in Sector 1: 0<C0ot<7t/3

Z =
T
•* 2 =

^ 1 ^

t'
*ml*7’^*sin( — -cOqI)
\Sj
V 3y
1 ^
vV3y

* wl *

* sin(ft>Qr)

[T \
-r -(7;+r.)
\ ^ J
Uk
ml =
(0.66* Ud)
T

Operation in Sector 3:27i/3<cj0ot^7i
^ I
T, =

vV3y

* ml *

^ 1 ^
^T2 = vV3y * ml *
T
^0 =

Operation in Sector 2:7i/3<a)ot<27i/3
1 ^
^ =
T2 =

vV3y
^ 1 ^
vV3y

* ml *T^* sin(----- + co^t)
v3y
* ml*T^ * s\n(coQt + — )
3j

(T \
T
^ 0 = ■f -(r.+r,)
\ ^ j
ml =

Uk
(0.66* Ud)

Operation in Sector 4:7r<0)ot<47r/3
( 1 ^

* sin(fe>QO

Z =

(
* sin(-((Z>^/ + ~ ))
v3y

K
T
^ 2 = vV3y * ml * Tj * sin(cuQ^ - — |)
v3

-{T,+T,)
\ ^ J
Uk
ml =
(0.66* Ud)

V V3 y

* ml*T^ * sin(-ft)QO

z
^0 =
ml =

Uh,
(0.66* Ud)
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Operation in Sector 5:47i/3<C0ot<57r/3
^ 1 ^
r. =
* ml * 7^ * sin(-(6:;Q/ +

Operation in Sector 6:57i/3<C0ot<27r
M

))

^

7',=

* ml *

VJy

1 ^

T
^2 =

vV3y

ml *

* sin(-<yQr + — )
3y

(T \
" -(Ti+r^)

^T0 =

''T0

V ^ y

ml =

UK
{Q).66^Ud)

1 ^

-*T2 =

ml *

(7t^

* sin(<i>Q/ + ~ )
Vjy
* sin(-r6>(5r)

=

ml =

UK
(0.66 *L/J)
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where Ud is the of the dc link voltage parameter, and Uhl is the value of the first
harmonic, that is obtained as a function of Ud as is illustrated in figure 63 (c). This
function was chosen such that the value of Uhl allowed for improved performance
characteristics to be observed.

Table 4.4:

Information supporting equation (253)

Sector

Range co„t

Range for T i

Range for T2

1

0, 7i/3

-(COot-7l/3)

(COot)

2

7i/3, 27i/3

(COot-7l/3)

(COot+7l/3)

3

271/3, 71

(COot)

-(C0ot+7l/3)

4

7I,47I/3

-(COot)

(C0ot-7l/3)

5

47i/3, 57i/3

-(C0ot+7l/3)

-(C0ot-7C/3)

6

571/3,271

(cOot+7r/3)

-(COot)
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Table 4.5 depicts a summary of the inverter states and voltage space vector values
Table 4.5: Summary of the inverter states and voltage space vector values
Optimal State
Sequence
Activated

Inverter Output
Voltage

A

1

1

0

0

0

1

1

0

B

0

1

1

1

0

0

1

0

C

0

0

0

1

1

1

1

0

A

2/3

1/3

-1/3

-2/3

-1/3

1/3

0

0

B

-1/3

1/3

2/3

1/3

-1/3

-2/3

0

0

C

-1/3

-2/3

-1/3

1/3

2/3

1/3

0

0

Vsi

Vs2

Vs3

Vs4

VS5

Vs6

Vs7

Vso

a

1

0.5

-0.5

-1

-0.5

0.5

0

0

p

0

0.86

0.86

0

-0.86

-0.86

0

0

4

0

71/3

271/3

71

471/3

57C/3

0

0

Output Voltage
Vector Invoked
Vs.k; 0<k<7
Output Voltage
Vector HQ
Space Angle
(gamma)
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4.6

Details of IM Simulation Programs

for

Test 2 (c and d)

This section provides detailed results of Test 2 (c and d) of Table 1.2, section 1.4
of chapter 1. The section concerns the development of a mathematical model of a
high-performance industrial IM drive supplied by Moog Ireland [36] in the a-p
stationary reference frame governed by eqts. (214 and 215). This model is supplied by
a space vector pulse-width modulated source, and validated under the following load
torque conditions:
1.
2.
3.

Zero Load Torque-Idle Mode (ON-m)
Stepped Change of Load Torque (+0.68N-m)
Nominal Load Torque (±0.68N-m)

The SV-PWM process is incorporated into the Matlab/Simulink workspace using the
m-file subprograms- ‘r_opt’, ‘switching instants’, ‘states’ whose code is available at
the end of this section.
Subprograms
ropt

:This subprogram calculates the value of the carrier frequency
synchronisation ratio parameter r. (See chapter 2-section 2.7-6,
figure 25)

switching instants

:This subprogram calculates the switching instants of the SVPWM VSl. (See chapter 4-section 4.5-5).

states

:This subprogram generates the PWM states. (See chapter 4section 4.5-6, figure 60(a) to 60(f))-

This simulation testbed permits examination of the IM performance characteristics
pertaining to angular shaft velocity, developed electromagnetic load torque, stator and
rotor currents. The IM design models for each test specificied in the Matlab/Simulink
environment are also included.
4.6-1

Test Two (c and d): Simulation of IM Mathematical Model in a-p
Stationary Reference Frame (s) with SV-PWM Supply

This subsection concerns the development of a typical a-p mathematical model of the
IM [7]. In this application the direct and quadrature axis of the stationary reference
frame are denoted by sa and sp respectively. Using this dynamic machine model of
the IM in the (a-p) stationary reference frame (s), the IM performance characteristics
pertaining to the angular shaft velocity, developed electromagnetic torque, direct- axis
stator and rotor currents were examined subject to the machine parameters of chapter
3-section 3.10-2, Table 3.2:
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4.6-2 Parameters of IM Model:
A three-phase, four pole, 220Vrms, 50Hz squirrel-cage IM, having the parameter
values defined in chapter 3-section 3.10-2, Table 3.2, with definitions given in chapter
3- section 3.8-1, eqts. (215(a) and 215(b)). All the IM parameters are normalised with
respect to the machine base impedance Zb calculated from the ratio of the peak-input
voltage Ub to the peak-input current IbZ
^

4.6-3

311

I.

= 15.7Q

Objective of Test 2 (c and d) (PART 1): Open-Loop test of IM
Mathematical Model with Zero Load Torque Condition and SV-PWM
Supply

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in Figure 36, subject to the following load torque (mo) condition:
PART 1.
Zero Load Torque (ON-m) -Idle Mode (Free Acceleration)
Figure 62(a) illustrates an open-loop mathematical model of the IM in the a-p
stationary reference frame (s). This model is developed in the Matlab/Simulink
software environment with a load torque condition (mo) of ON-m, and supplied with a
space vector pulse-width modulated voltaue supply source.
Figure 62(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 62 (a), with periodic reversal of stator phases at 1 sec intervals.
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Figure 62(b): Performance Characteristics via open loop simulation of IM Mathematical
Model with a Space Vector Voltage Supply with Zero Load Torque (mo=0 N-m)
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4.6-4 Discussion of Simulation Results for Idle Mode Of Opep ation (Mq = 0
N-m) with SV-PWM Supply and Periodic Reversal of Stator Phases

The Dormand Prince (ode 45) solver was chosen for this simulation exercise
having a fixed step simulation setting of 70ps.
The performance characteristics illustrated in Figure 62(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (me), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), -stator
flux-linkage (T's), and -rotor flux-linkage (T^r), for the three-phase mathematical
model of the IM in the a-p stationary reference frame (s). The characteristics are very
similar to those observed in Figure 39(b) but the effect of the harmonics on the
characteristics are very evident since the model is supplied with a space vector pulsewidth modulated voltage source.
Consideration of the mechanical speed (com) and developed electromagnetic
torque (me) characteristics during the interval 0 s to 0.2 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (mg) equal to 4.0 N-m
to allow for acceleration of the rotor to its rated speed value. To maintain this high
starting torque value a high stator current (isa) of ± 4 A is required. After 0.2 s the
machine is in the steady-state operational mode. During this IM operational phase, mg
decreases to a value just above 0 N-m. To hold mg at this value, isa decreases to the
nominal value of ± 0.8 A.
At the instant of phase reversal at 1 sec, the motor begins to decelerate to zero
and thereafter accelerate in the opposite/negative direction. During the transient
interval 1 s to 1.3 s the IM, there is again a high motor torque developed (mg) equal to
-9 N-m. To maintain this motor torque value a high stator current (isa) of ± 5 A is
required. After 1.3 s the machine is in the steady-state operational mode. During the
steady-state phase, mg decreases to a value just above 0 N-m. To hold mg at this value,
isa decreases to the nominal value of ± 0.8 A. The simulation cycle is then repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they are not stabilised. For both to be stabilised they should maintain a constant value
of 1. At the instant of each phase reversal the stator flux-linkage characteristic
increases to 1.7 (with a 70% overshoot) and decreases to 0.5 (with a 50% undershoot).
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The structure of the simulation block labelled ‘Space Vector PWM’ in Figure 62 (a) is
depicted in Figure 63(a). Here established values are used for the modulating signal
frequency (fm), and de-link voltage (ud).

Figure 63 (a): Structure of block space vector pwm
The contents of the Space Vector PWM block is shown in Figure 63(b)

Ini

fm

(Z>

Ini

uhl
In2

Outi

r

f

G3-

usa
in2

wO

0ut1
in3

in4

USp

ud

ud

Subsystem

>rn

in5

0ut2

0ut2
in6

SubSystemI

Figure 63 (b): Subsystems within the block Space Vector
PWM
The contents of the ‘SubSysteiiT simulation block is depicted in Figure 63 (c).

Fen

Figure 63(c): Contents of SubSytem
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The contents of the ‘Subsystem 1' block is depicted in Figure 63(d)

Figure 63(d): Contents of Subsystem 1
The s-function r_opt calculates the carrier frequency synchronisation ratio parameter r
as per equation:
r

=

fs
f

M

(254)

where fs is the switching frequency, f^ is the modulating frequency.
4.6-5

Objective of test 2 (c and d) (PART 2): Open-Loop test of IM
Mathematical Model with Stepped Change Load Torque Condition
AND SV-PWM Supply

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in Figure 36, subject to the following load torque (mo) condition:
(PART 2).

Stepped Change of Load Torque (+0.68N-m)

Figure 64(a) illustrates an open-loop simulation of the mathematical model of the IM
in the a-p stationary reference frame (s). This model is developed in the
Matlab/Simulink software environment with a stepped change loac torque condition
(mo) of +0.68N-m, and supplied with a space vector pulse-width modulated voltage
source.
Figure 64(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 64 (a), with load torque stepping.
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Developed Torque,
mefpu]

Phase A Slalof VoSage, usalpha

Phase A Stator Current. Isalpha

Rotor Flux Linkage-4^r=(pDr+j9Qr

Stator Flux Linkage-4^s=(psa+j9sp

betha[pu]

betha[pu]

Alpha[pu]
Figure 64(b): Performance Characteristics via open-loop simulation of IM Mathematical
Model with a Space Vector Voltage Supply with Stepped Change Load Torque
(mo=+0.68 N-m)
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4.6-6

Discussion of Simulation Results for Stepped Change Of Load
Torque, (Mo = +0.68 N-m) with SV-PWM Supply

The Dormand Prince (ode 45) solver was again chosen for inis IM exercise
having a fixed step simulation setting of 70ps.
The performance characteristics illustrated in Figure 64 (b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mg), -direct-axis stator current (isa), -direct-axis stator voltage (usa), -stator
flux-linkage (T^s), and -rotor flux-linkage (T'r), for the three-phase mathematical
model of the IM in the a-p stationary reference frame (s). The characteristics are
very similar to those observed in Figure 42(b) but the effect of harmonics on the
characteristics are very evident since the model is supplied by a space vector pulsewidth modulated voltage source.
Consideration of the mechanical speed (com) and developed electromagnetic
torque (mg) characteristics during the interval 0 s to 0.2 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (mg) equal to 2.25 Nm to allow for acceleration of the rotor to its rated speed value. To maintain this high
starting torque value a high stator current (isa) of ± 3 A is required. After 0.2 s the
machine is in the steady-state operational mode. During this IM operational phase, mg
decreases to a nominal value just above 0 N-m. To hold mg at this value, isa decreases
to the nominal value of ± 0.8 A. To initiate the stepped change in load torque (mo =
+0.68 N-m) and to sustain mg at +0.68 N-m, isa increases to ± 1.2 A from 0.5 s to 1.5
s. During the intervals in which the load torque is stepped there is a slight reduction
evident in the mechanical speed characteristic.
Observation of the stator- and rotor-flux-linkage characteristics reveal a
good degree of stabilisation. Each time a stepped change of load torque is applied to
the IM the stator flux-linkage characteristic decreases to 0.8 (with a 20% undershoot),
whilst the rotor flux-linkage characteristic decreases to 0.75 (with a 25% undershoot).
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4.6-7 Objective of Test 2 (c and d) (PART 3): Open-Loop Simulation of IM
Mathematical Model with Nominal Load Torque and SV-PWM Supply

The purpose of this test is to examine the open-loop performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in Figure 36, subject to the following load torque (mo) condition:
(PART 3).
Nominal Load Torque (±0.68N-m)
Figure 65(a) illustrates an open-loop simulation of the mathematical model of the IM
in the a-p stationary reference frame (s). This model is developed in the
Matlab/Simulink software environment with a nominal load torque condition (mo) of
±0.68N-m, and supplied with a space vector pulse-width modulated voltage source.
Figure 65(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 65(a), with periodic phase reversal synchronised with nominal
load torque stepping at 1 sec intervals.
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Figure 65(b): Performance Characteristics examined from open loop
simulation of IM Mathematical Model from a Space Vector Supply with
Nominal Load Torque (m()=±0.68 N-m)
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4.6- 8

Discussion of Simulation Results for Nominal Load Torque, (Mq =
±0.68 N-m) with SV-PWM Supply and Synchronised Periodic
Reversal of Stator Phases

The Dormand Prince (ode 45) solver was again chosen having a fixed
simulation step size setting of 70 ps.
The performance characteristics illustrated in Figure 65 (b) are the
normalised-angular velocity (com), -developed electromagnetic torque (me), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), -stator
flux-linkage (T's), and -rotor flux-linkage (T'r), for the three-phase mathematical
model of the IM in the a-|3 stationary reference frame (s). The characteristics are very
similar to those observed in Figure 44(b) but the effect of harmonics on the
characteristics are very evident since the model is supplied by a space vector pulsewidth modulated source.
Consideration of the mechanical speed (com) and developed electromagnetic
torque (me) characteristics during the interval 0 s to 0.4 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (mg) equal to 3.0 N-m
to allow for acceleration of the rotor to its rated speed value. To maintain this high
starting torque value a high stator current (isa) of ± 3.2 A is required. After 0.4 s the
machine is in the steady-state operational mode. During the steady-state operational
phase, me decreases to 0.68 N-m. To hold me at its nominal value, and to sustain the
nominal load torque mo = +0.68 N-m, isa decreases to a value of ±1.3 A.
At the instant of phase change and step torque reversal at 1 s, the motor
begins to decelerate to zero and thereafter accelerate in the opposite/negative
direction. During the transient period 1.0 s to 1.6 s, there is again a high motor
electromagnetic torque developed (me) equal to - 5.5 N-m. To maintain this high
motor torque value a high stator current (isa) of ± 4 A is required. When the IM has
reached its peak negative speed in 1.6 s the machine is in the steady-state operational
mode. During the steady-state phase, mg decreases to -0.68 N-m. To initiate the
nominal load torque (mo = -0.68 N-m) and to maintain mg at its nominal value, isa
decreases to a nominal value of ± 1.3 A from 1.6 s to 2 s. The simulation cycle is then
repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they are not stabilised. For both to be stabilised they should maintain a constant value
of 1. At the instant of each phase reversal the stator-flux linkage characteristic
increases to 1.4 (with a 40% overshoot) and decreases to 0.30 (with a 70%
undershoot).

4.7:

M-file Program Code for Subprograms Pertaining to Test 2
(C AND D)

4.7- 1

M-File Program Code for ‘r_opt ’ s-function

The following s-function determines the optimal value of carrier frequency
synchronisation ratio parameter r to be deployed which corresponds to the value
of input modulating frequency fm. A synchronous SVM scheme is implemented.

179

Chapter 4: Power Converters and Space Vector Modulation in IM Control
This meant that the switching frequency fs varied in proportion to the
modulating frequency fM- To keep fs close to its maximum value there are jumps
in r and hence in fs as (m increases, in accordance with eqt (254).

/
/

(254)

is the switching carrier frequency, fM is the modulating signal frequency. Refer to
figure 25 for more information with regards the choice of parameter r.

fs

The following is the Matlab Program M-File code for the ‘r opt.m’ S-function implementation.
function[sys,xO]=r_opt(t,x,u,flag,f)

% Simulink passes the following arguments to the s-function
% • t, current time
®/o • X,
®/o

®/o
®/o

®/o
®/o

state vector-containing values for the carrier frequency

synchronisation ratio parameter r
• u, input vector-containing values for the modulating signal
frequency fm.
• flag, an integer value that indicates the task to be performed
by the s-function.
if abs(flag)==l
sys=u;

®/o

preset flag to read in a starting value for fm.
elseif tlag==3

®/o

Calculates the outputs of the s-function
if(u(l)>=0)&(u(l)<20)

®/o

If the modulating frequency fm is between 0 Hz and 20Hz

®/o

issue a value of 168 for r, implying a min value of the switching

®/o

frequency fs of OHz, and a max value of the switching

®/o

frequency of 3360Hz invoking eqt. (254)
sys(l)=168;

% ----------------------------------------------------------------------------------

elseif(u( 1 )>-20)&(u( 1 )<28)
®/o

If the modulating frequency fm is between 20 Hz and 28Hz
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% issue a value of 120 for r, implying a min value of the switching
% frequency fs of 2400Hz, and a max value of the switching
% frequency of 3360Hz invoking eqt. (254)
sys(l)=120;
% ----------------------------------------------------------------------------------

elseif(u(l)>=28)&(u(l)<40)

% If the modulating frequency fm is between 28 Hz and 40Hz
% issue a value of 84 for r, implying a min value of the switching
% frequency fs of 2352Hz, and a max value of the switching
% frequency of 3360Hz invoking eqt. (254)
sys(l)=84;
% ----------------------------------------------------------------------------------

elseif(u( 1 )>=40)&(u( 1 )<56)
®/o

If the modulating frequency fm is between 40 Hz and 56Hz

®/o

issue a value of 60 for r, implying a min value of the switching

®/o

frequency fs of 2400Hz, and a max value of the switching

®/o

frequency of 3360Hz invoking eqt. (254)
sys(l)=60;

% ---------------------------------------------------------------------------------

elseif(u( 1 )>=56)&(u( 1 )<80)
®/o

If the modulating frequency fm is between 56 Hz and 80Hz

®/o

issue a value of 42 for r, implying a min value of the switching

®/o

frequency fs of 2352Hz, and a max value of the switching

®/o

frequency of 3360Hz invoking eqt. (254)
sys(l)=42;

%

---------------------------------------------------------------------------------elseif(u( 1 )>=80)&(u( 1 )<112)

®/o

If the modulating frequency fm is between 80 Hz and 112Hz

®^ issue a value of 30 for r, implying a min value of the switching
®/o

frequency fs of 2400Hz, and a max value of the switching
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% frequency of 3360Hz invoking eqt. (254)
sys(l)=30;
%

elseif(u( !)>=! 12)&(u(l)<160)

% If the modulating frequency fm is between 112 Hz and 160Hz
% issue a value of 21 for r, implying a min value of the switching
% frequency fs of 2352Hz, and a max value of the switching
Vo frequency of 3360Hz invoking eqt. (254)
sys(l)=21;
%

else(u( 1 )>= 160)&(u( 1 )<240)

% If the modulating frequency fm is between 160 Hz and 240Hz
% issue a value of 15 for r, implying a min value of the switching
% frequency fs of 2400Hz, and a max value of the switching
% frequency of 3360Hz invoking eqt. (254)
sys(l)=15;

______________________________________________________
end

% The values of the carrier frequency synchronisation parameter r for
% each case above were obtained by allowing the modulating signal
% frequency fm assume any value between 0 Hz and 240 Hz and the
% switching frequency fs assume any value between 2400 Hz and 3600
% Hz as is illustrated in figure 25.
elseif flag==0

% unused flags
sys=[l,0,l,l,0,0];
xO=0;
else
sys=[];
®/o

Program Terminationi
end;
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4.7-2

M-file Program code for ‘switching instants’ sfunction
Implementation

The following s-function determines the switching instants for the voltage source
inverter, these switching instants are labelled to,ti,t2, in accordance with eqts
(254-a to 260) and the angular velocity of the rotating reference frame (coo is
used in this case as a substitute for cor). This s-function utilises figures (60(a) to
60(f)) to define the respective switching instants depending on the sector of
operation.
Before proceeding with the switching instants s-function its important to consider the
following equation sets pertaining to each of the six allowable sectors.
Sector 1:
0 <

n

co^t <

(254-a)

^ 1 ^

t\ =

* sin((

- co^t)

* m\*

* sin( co^t)

J

V

tl =

* m\ *

^ 1 ^

to =

(n + t2)

K
3

2n
3

2
Sector 2 :

— < (D^t < ---t\ =
t2 =

1

vV3/
f 1
T

t0 = -^

* m\*

.n
* sin( ~(~) +

(255)
* ni\*

* sin( coA + —)
3

- (n +12)

2
Sector 3 :
271

3
t\ =
t2 =

< CO r^t < 71

^ 1 ^
* m\*
WJ y
f 1

* wl *

* sin( co^t)
* sin - {(O^t

K

(256)

—)

V

T
to = ^-(tl + t2)
2
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Sector 4 :

Ak

71 < COgt <

( ^ \

a=

* m\* T(. * sin( -co^t)

V V3 j

(257)

^ 1 ^

tl =

V

m\*

71

* sin( coA----- )

y

tO - —^ - (/I + tl)
2
Sector 5 :

Ati

----- <

3

n =

Sti

COgt
o < ------

3

^ 1 ^

tl =

* wl *

TT
* sin - (<^0/ + —)

(258)

^ 1 ^

* m\*

V V3 J

* sin( -co^t +

/O = ^ - (^1 + tl)
1
Sector 6 :
5k

3

t\ =
tl =

<

cogt < Ik

^ 1 ^
K
* m \* Tg * sin( co^t + —)
\4ij
1 ^
m \ * Tg * sin( -coK)

V

to =

(259)

J
(/I + tl)

1

m\ =

Uhl
0.66^ Ud

(260)

ml is the depth of modulation parameter. Ud is the dc link voltage parameter, and
Uhl is the value of the first harmonic, that is obtained as a function of Ud as is
illustrated in figure 63 (c). This function was chosen such that the value of Uhl
allowed for improved performance characteristics to be observed.
% The following is the Matlab Program m-file code for the switching instants
% s-function implementation.
function[sys,xO]=switchinginstants(t,x,u,flag,f)
% define system outputs, sys(l) to sys(5)
% sys(l)=tl;sys(2)=t2;sys(3)=tO;sys(4)=Ts;sys(5)=c;
% •tl,t2,tO are the switching instants
% •Ts is the switching period (referred to as Tc in eqts. (254a to 260)

184

Chapter 4: Power Converters and Space Vector Modulation in IM Control
% • c is the sector of operation
% define system inputs, u(l) to u(6)
% u(l)=wO;u(2)=uhl;u(3)=ud;u(4)=r;u(5)=fm;u(6)^ud;
%
®/o

®/o

•wO is the angular velocity of the rotating reference frame, uhl is
the first harmonic of the PWM switched dc voltage, ud is the dc link voltage,
• fm is the modulating signal frequency.
if abs(flag)===^l
sys=u;
elseif flag==3

®/o

Calculates the outputs of the s-function
To= 1/240;

®/o

Calculates the modulation period To where To=l/Fm

% ---------------------Sector 1---------------------if (rem((u( 1 )*t),(2*pi))>=0)&(rem((u( 1 )*t),(2*pi))<(pi/3))
®/o

If in sector 1, that is 0<(D<7r/3
ml=u(2)/(0.667*u(3));

®/o

Calculates the modulation depth (ml) as per eqt. (260)
fm=u(5);
r=u(4);
Ts=To/r;

®/o

Calculates the switching period Ts invoking eqt. (254)
11 ^( 1 /sqrt(3))*m 1 *Ts*sin((pi/3)-(u( 1 )*t));
t2=(l/sqrt(3))*ml *Ts*sin(u(l)*t);
tO=(Ts/2)-(tl+t2);

®/o

Calculates the switching instants tl, t2, tO as per eqt. (254-a)
sys(l)=tl;
sys(2)=t2;
sys(3)=tO;
sys(4)=Ts;
sys(5)=l;

185

Chapter 4: Power Converters and Space Vector Modulation in IM Control
% Defines system outputs to be used as inputs to the states s-function
% ---------------------Sector 2---------------------elseif (rem((u( 1 )*t),(2*pi))>=(pi/3))&(rem((u( 1 )*t),(2*pi))<((2*pi)/3))

% If in sector 2, that is 7i/3<a)<27i/3
ml-u(2)/(0.667*u(3));
"/o

Calculates the modulation depth (ml) as per eqt. (260)
fm=u(5);
r^i(4);
Ts=To/r;

% Calculates the switching period Ts invoking eqt. (254)
tl=( l/sqrt(3))*ml *Ts*sin((u( 1 )*t)-(pi/3));
t2=(l/sqrt(3))*ml *Ts*sin((u(l)*t)+(pi/3));
tO=(Ts/2)-(tl+t2);
®/o

Calculates the switching instants tl, t2, tO as per eqt. (255)
sys(l)=tl;
sys(2)=t2;
sys(3)=tO;
sys(4)=Ts;
sys(5)=2;

% Defines system outputs to be used as inputs to the states s-function
% ---------------------Sector 3---------------------elseif (rem((u(l)*t),(2*pi))>=((2*pi)/3))&(rem((u(l)*t),(2*pi))<pi)

% If in sector 3, that is 27i/3<a)<7t
ml=u(2)/(0.667*u(3));

% Calculates the modulation depth (ml) as per eqt. (260)
fm=u(5);
r=u(4);
Ts=To/r;

% Calculates the switching period Ts invoking eqt. (254)
tl =( l/sqrt(3))*ml *Ts*sin(u( 1 )*t);
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t2=(l/sqrt(3))*ml *Ts*sin(-((u(l )*t)+(pi/3)));
tO=(Ts/2)-(tl+t2);

% Calculates the switching instants tl, t2, tO as per eqt. (256)
sys(l)=tl;
sys(2)=t2;
sys(3)=t0;
sys(4)=Ts;
sys(5)=3;

% Defines system outputs to be used as inputs to the states s-function
®/o

---------------------Sector 4----------------------

elseif (rem((u( 1 )*t),(2*pi))>=(pi))&(rem((u( 1 )*t),(2*pi))<((4*pi)/3))

% If in sector 4, that is 7i<Q<47r/3
ml=u(2)/(0.667*u(3));
®/o

Calculates the modulation depth (ml) as per eqt. (260)
fm=u(5);
r=u(4);
Ts=To/r;

®/o

Calculates the switching period Ts invoking eqt. (254)
tl===( l/sqrt(3))*ml *Ts*sin(-u(l)*t);
t2=(l/sqrt(3))*ml *Ts*sin((u(l)*t)-(pi/3));
tO-(Ts/2)-(tl+t2);

®/o

Calculates the switching instants tl, t2, tO as per eqt. (257)
sys(l)=tl;
sys(2)=t2;
sys(3)=tO;
sys(4)=Ts;
sys(5)=4;

®/o

Defines system outputs to be used as inputs to the states s-function

% ---------------------Sector 5---------------------elseif (rem((u(l)*t),(2*pi))>=((4*pi)/3))&(rem((u(l)*t),(2*pi))<((5*pi)/3))
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®/o

If in sector 5, that is 47i/3<Q<57r/3
ml=u(2)/(0.667*u(3));

% Calculates the modulation depth (ml) as per eqt. (260)
fm===u(5);
r=u(4);
Ts=To/r;

% Calculates the switching period Ts invoking eqt. (254)
tl=(l/sqrt(3))*ml*Ts*sin(-((u( l)*t)+(pi/3)));
t2=( l/sqrt(3))*ml *Ts*sin((pi/3)-(u( 1 )*t));
tO=(Ts/2)-(tl+t2);

% Calculates the switching instants tl, t2, tO as per eqt. (258)
sys(l)="tl;
sys(2)=t2;
sys(3)=tO;
sys(4)=Ts;
sys(5)=5;
"/o

Defines system outputs to be used as inputs to the states s-function

% ---------------------Sector 6---------------------elseif (rem((u( 1 )*t),(2*pi))>=((5*pi)/3))&(rem((u( 1 )*t),(2*pi))<(2*pi))

% If in sector 6, that is 57r/3<a)<27i
ml=u(2)/(0.667*u(3));

% Calculates the modulation depth (ml) as per eqt. (260)
fm==u(5);
r=u(4);
Ts^To/r;
®/o

Calculates the switching period Ts invoking eqt. (254)
tl=( l/sqrt(3))*ml *Ts*sin((u(l)*t)+(pi/3));
t2=( l/sqrt(3))*ml *Ts*sin(-(u( 1 )*t));
tO=(Ts/2)-(tl+t2);

®/o

Calculates the switching instants tl, t2, tO as per eqt. (259)
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sys(l)=tl;
sys(2)=t2;
sys(3)=tO;
sys(4)=Ts;
sys(5)==6;
Vo Defines system outputs to be used as inputs to the states s-function

end;
sys(6)=u(6);
elseif flag==0
®/o

Unused Flags
sys=[6,0,6,6,0,0];
xO=0;
else
sys=[];

Vo Program Termination
end

4.7-3

M-File Program Code

for ‘states’ s-function Implementation

The following s-function determines the voltage space vector
from eqts. (222
to 228) for each sector defined in the hexagon of figure 55, from a knowledge of
the switching instants to,ti,t2, and switching period Ts that serve as inputs from
the switching instants s-function. Recall that the stator voltage space phasor
can be defined in terms of its real and imaginary components as follows

2

v = 3 u.At)+au.s{t)+a Ursit) = uSa
where

(261)

a=e ^
Table 4.6 is a complete summary of the operational sector, inverter states, and
voltage vector to be invoked for a particular state sequence.
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Table 4.6: Summary of the inverter states and voltage space vector values
Optimal State
Sequence
Activated

Inverter Output
Voltage

A

1

1

0

0

0

1

1

0

B

0

1

1

1

0

0

1

0

C

0

0

0

1

1

1

1

0

A

2/3

1/3

-1/3

-2/3

-1/3

1/3

0

0

B

-1/3

1/3

2/3

1/3

-1/3

-2/3

0

0

C

-1/3

-2/3

-1/3

1/3

2/3

1/3

0

0

Vsi

Vs2

Vs3

Vs4

VS5

VS6

Vs7

Vso

a

1

0.5

-0.5

-1

-0.5

0.5

0

0

p

0

0.86

0.86

0

-0.86

-0.86

0

0

4

0

71/3

271/3

71

471/3

57C/3

0

0

Output Voltage
Vector Invoked
Vs.k; 0<k<7
Output Voltage
Vector H
Space Angle
(gamma)

%

The following is the Matlab Program code for the ‘states’ s-function
function[sys,xO]=states(t,x,u,nag);

%

Define system outputs to drive IM

%

sys(l)=usalfa;sys(2)=usbeta;

%

•usalpha is the real axis stator voltage component and
•usbeta is the imaginary axis stator voltage component.

%
%

s

~^Sa

3

j^Sp

(261)

%
%

Define system inputs to this s-function (outputs of
switching instants s-function).

%
%
%
%
%
%
%
%

u(l)=tO;u(2)=tl;u(3)=t2;u(4)=Ts;u(5)=c;u(6)=ud;
As can be seen from the Space Vector PWM block contents of figure 63(c),
there are six outputs of the ‘switching instants’ s-function input to the states
s-function to invoke the suitable voltage space vector in accordance with
eqts. (222 to 228)
•tO,tl,t2 are the switching instants
•Ts is the switching period, c is the sector of operation
•ud is the dc link voltage
if abs(flag)==l
sys=u;
elseif flag==3
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%

Calculates the outputs of the S-Function
global
global
global
global
global
global

%

ts
c
Ts
to
tl
t2

Declare the system inputs as global variables
ift==0
ts=0;

%

Introduce a time condition variable ts
end
if t>=ts

%

0<t>ts
c=u(5);
Ts=u(4);
to=u(3);
t2=u(2);
tl-u(l);
ud=u(6);
end

%

Recall the voltage space vectors V^j to V^^ are defined as
-0.5
Sa

* y

^ DC

*

Sa

V

* y

*

2
- _* V
3

*

^ DC

0.5
Sa

* ]/

V sp

*

DC

VT = ys2
2

Vs.
Sa

V
^ sp

sp

%

VS5

— _ * 1/

♦

- 1
0

= VS 4

0.5

- 0.5
Sa

=

sp

sp

=

3

VS3

Sa
Sp

— __* y

*

VF

=

3

Invoking eqts. (239) and (241) the reference voltage space vectors

to

VS 6

vectors can

be defined as

V2 reference voltage space vector

Vi reference voltage space vector
V -^V +^V
^ rj. ^S,2

^s

0.5

1

5^1

DC

^s

2
+ T2-*Voc* s
0
3
2

V3 reference voltage space vector
T T K = —^s,3+—^5,4
T
T

TV - T — *V
^S^2 ~ ■'1 2

V4 reference voltage space vector
T,
1^

1C

-0.^
TV
-T—*VDC * s +T-*V *
■'5^3 ~ I 2

0.5
-0.5
— *V * s
* S A.T
+ ^2 2 ^DC
2
2

-0.5

0

V5 reference voltage space vector

TV -T—*F

r _
* 7/ *
* -s , j_^-'2
^ ^ DC

V6 reference voltage space vector
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- —
rj.
V V

+ — VS.b

^ rp

IC

IC

0.5

-0.5

0.5

-S
TV-T-*V * -S j-T-*V
^^2 2
DC *

TV
''5^6 “ T — *V

*

*V
+ T-,2 __
2
DC

*

-43

(252)
%
%

Separation of the alpha and beta voltage components allows eqt. (252) to be written in
a matrix form as follows

%

statealpha^

statebetha=f

tO/2
0.0
0.0
0.0
0.0
0.0
0.0

tl
1
-0.5
-0.5
-0.5
-0.5
1

t2
0.5
0.5
-1
-1
0.5
0.5

to
0.0
0.0
0.0
0.0
0.0
0.0

t2
0.5
0.5
-1
-1
0.5
0.5

tl
1
-0.5
-0.5
-0.5
-0.5
1

tO/2
0.0;
0.0;
0.0;
0.0;
0.0;
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.866
0.866
-0.866
-0.866
0.0

0.866
0.866
0.0
0.0
-0.866
-0.866

0.0
0.0
0.0
0.0
0.0
0.0

0.866
0.866
0.0
0.0
-0.866
-0.866

0.0
0.866
0.866
-0.866
-0.866
0.0

0.0;
0.0;
0.0;
0.0;
0.0;
0.0

% ---------------------Sector 1
0/

/o

%

%
%
%

if(t>ts)&(t<(ts+(to/2)))
ts<t>ts+(tO/2)
sys( 1 )=statealpha(c, 1 )*iid;
usalfa=2/3*ud*[l]
sys(2)=statebetha(c, 1 )*ud;
usbeta=2/3*ud* [0]
And from
^S,X ~ ^Sa

j^sp

(262)

%

y
'^51

= _*
K
*
^
^ DC

1
0

ysp_

o/
/o

-------- Sector 2---------------------

%

elseif(t>=(ts+(to/2)))&(t<(ts+(to/2)+tl))
ts+(tO/2)<t>ts+(tO/2)+tl

0/

/o

%
%
%

sys( 1 )=statealpha(c,2)*ud;
usalfa=2/3*ud*[0.51
sys(2)=statebetha(c,2)*ud;
usbeta=2/3*ud*[V3/21
And from
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^S,X ~^Sa '^j^Sp

V

%

^^52

^

DC

*

(262)

0.5
V3

=

V

2
o/
/o

[vSa 1
_

_

------------------Sector 3--------------------elseif(t>=(ts+(to/2)+tl))&(t<(ts+(to/2)+tl+t2))

%

ts+(tO/2)+tl<t>ts+(tO/2)+tl+t2
sys(l)=statealpha(c,3)*ud;

%

%
%
%

usalfa=2/3*ud* [-0.5]
sys(2)=statebetha(c,3)*ud;
usbeta=2/3*ud*|V3/2]

And from
^S,X ~ ^Sa

F,53

%

j^sp

2 * T/

— ^

DC

(262)

-0.5
* V3

2
0/

/o

rv 1
—

1/

J sp _

------------------Sector 4--------------------elseif(t>=(ts+(to/2)+tl+t2))&(t<(ts+(to/2)+tl+t2+to))

%

ts+(tO/2)-i-tl +t2<t>ts-i-(tO/2)-i-t 1 -i-t2+tO
sys( 1 )=statealpha(c,4)*ud;

%

usalfa=2/3*ud*[-l]

%
%
%

usbeta=2/3*ud*[0]
And from

sys(2)^statebetha(c,4)*ud;

^S,X ~ ^Sa '^j^sp

(262)

V

%

0/

/o

54

=

^

7/

DC

*

-1
0

------------------Sector 5--------------------elseif(t>=(ts+(to/2)+tl+t2+to))&(t<(ts+(to/2)+tl+(2*t2)+to))

%

%

%
%
%

ts+(tO/2)+tl+t2+tO<t>ts+(tO/2)+tl+2t2+tO
sys( 1 )=statealpha(c,5 )*ud;
usalfa=2/3*ud*[-0.5]
sys(2)=statebetha(c,5)*ud;
usbeta=2/3*ud*[-V3/2|

And from
^S,X ~^Sa '^J^sp

(262)
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-0.5
%

55 ~ ^

0/

/o

~v
^ Sa
—

DC

y
y sp _
2
-------------------- Sector 6----------------------elseif(t>=(ts+(to/2)+tl+(2*t2)+to))&(t<(ts+(to/2)+(2*tl)+(2*t2'+to))

ts+(tO/2)+tl+2t2+tO<t>ts+(tO/2)+2tl+2t2+tO

%

sys( 1 )=statealpha(c,6)*ud;
usalfa=2/3*ud*[0.51

%

sys(2)=statebetha(c,6)*ud;
usbeta=2/3*ud*[-V3/21

%
%
%

And from
^S,X ~ ^Sa

(262)

0.5
y
=—*y
*
^^56
^
^ DC

%

V.Sa
V,sp

end

Vo

Each of the six voltage vectors have now been defined through a knowledge
of the switching instants, tO,tl,t2 and the switching period Ts

®/o

if t>=(ts+Ts)
ts=ts+Ts;
end
sys(6)=0;
elseif flag==^0

Unused flags

Vo

sys=[6,0,6,6,0,0];
xO=0;
else
sys=[];
Vo

Program Termination

end
end;
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Chapter 5: Scalar and Vector IM Control
Methods
This chapter addresses the scalar and vector control techniques of IM control
which are examined in chapters 2 and 3 respeetively, from a simulation perspective.
The reasons why vector control has been used as the preferred method of IM control
in modem high-performance drives have been diseussed in chapter 1-sections I.l and
1.2 and chapter 3-sections 3.6-1 and 3.6-2. The constant volts/hertz (V/f) method,
discussed in chapter 2-seetions 2.7-3, 2.7-5 is chosen as a typical scalar control
example, and the indirect rotor-flux oriented method discussed in chapter 3-section
3.6 is chosen as a typical vector control example. Identical simulation tests, to be
discussed below, were performed on the IM mathematical model incorporating both
of the aforementioned eontrol techniques, when the IM mathematical model is
supplied from (a) a sinusoidal source of variable voltage and frequency, and (b) a
space vector pulse-width modulated source in the Matlab/Simulink software
environment. The simulation charaeteristies observed for the eonstant volts per hertz
(V/f) scalar control operation provided a convenient basis of performance eomparison
with those observed for the rotor flux-oriented eontrol technique. Practical
measurements for a 2 kW IM supplied by the motor drive manufacturer Moog Ltd
[36] were obtained and compared with IM software simulation results under different
inertial load torque conditions, for confidence enhancement of the applied field
oriented control method.
5.1-1

Method with forced voltage amplitude Us

The constant volts per hertz control method employed in this simulation
exereise is shown in figure 66. The aim is to fix the stator voltage as a function of the
stator frequency /s.In this method
is considered a step input to the system. The
stabilisation of the stator flux-linkage Ts is obtained by changing the voltage
amplitude
that is dependent on the stator frequency fs from the equation:
r_

r

=

(263)

i+(T—y
For the ideal case when the rotor frequency (//=0) then eqt. (263) with relevant
quantities defined in chapter 3-section 3.10-2, Table 3.2 can be rewritten as:
^s=/sJl + (^—y
(264)

V

fs

An example of this characteristic form of scalar control operation representing eqt.
(263) is presented in figure 66.
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fr=-0.25

fr=0
fr=0.25

Figure 66:

Example of characteristic control operation

vL^=f(fs)

for ^s=l

5.1-2: Details of IM Simulation Programs for Test 3 (a and b)
This section provides detailed results for Test 3 (a and b) of Table 1.2, section
1.4 of chapter 1. This section concerns the model development of the highperformance industrial IM drive supplied by Moog Ireland in the a-p stationary
reference frame (s) using eqts. (214 and 215). This model incorporates the constant
volts per hertz (V/f) scalar control method, and is simulated with a sinusoidal voltage
supply source of variable frequency and voltage, and is validated for the following
load torque conditions:
1.
2.
3.

Zero Load Torque-Idle Mode (ON-m)
Stepped Change of Load Torque (+0.68N-m)
Nominal Load Torque (±0.68N-m)

The constant volts per hertz (V/f) scalar control method is incorporated into the
Matlab/Simulink workspace using the m-file subprogram ‘Uszreff whose code is
provided at the end of this section.
Subprograms
Uszreff

:This subprogram fixes the stator voltage as a function of stator
frequency in accordance with eqt. (263)

This simulation program permits examination of the appropriate IM performance
characteristics pertaining to angular shaft velocity, developed electromagnetic load
torque, stator and rotor currents. The IM design models for each of the tests specified
in the Matlab/Simulink environment are also included.
5.1-3

Test Three (a and b): Simulation of IM Mathematical Model in a-p
Stationary Reference Frame (s) with Sinusoidal Voltage Supply

Using this dynamic machine model of the IM in the a-P stationary reference frame
(s), the IM performance characteristics consisting of the angular shaft velocity,
developed electromagnetic torque, direct- axis stator and rotor currents were
examined, subject to the machine parameters of chapter 3-section 3.10-2, Table 3.2:
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5.1-4 Parameters for IM Model:
A three-phase, four pole, 220Vrms, 50Hz squirrel-cage IM, having the parameter
values defined in chapter 3-section 3.10-2, Table 3.2, with definitions given in chapter
3- section 3.8-1, eqts. (215(a) and 215(b)). All the relevant IM parameters are
normalised with respect to the machine base impedance Zb calculated from the ratio
of the rated input voltage Ub to the rated input current Ib.
I

D

311
= 15.7Q
19.8

5.1-5

Objective of Test 3 (a and b)(Part 1): V/f Scalar Control with
Zero Load Torque and Sinusoidal Supply
The purpose of this test is to examine the performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in figure 36 incorporating the constant volts per hertz (V/f) scalar control
method, subject to the following load torque (mo) condition:
Part l.Zero Load Torque (mo =0 N-m) -Idle Mode (Free Acceleration)
Figure 67(a) illustrates a simulation of the mathematical model of the IM in the a-p
stationary reference frame (s) incorporating constant V/f scalar control. This model is
developed in the Matlab/Simulink software environment, and is supplied with a
sinusoidal voltage source of variable frequency (Em input) and voltage determined by
the ‘Uszreff subprogram, subject a load torque condition (mo) of 0 N-m.
Figure 67(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 67(a) for a trapezoidal input frequency command signal (Em
input) incorporating constant V/f control, with periodic reversal of stator phases at 1
sec intervals..
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IM Model Transient Response for a Trapezoidal I/P Frequency Command Signal with V/f Scalar Control
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Figure 67(b):

'

‘

i....,

—,.1 „

,

Rotor Flux Linkage-*Pr=(p[:)R+j(pQR

betha[pu]

Performance Characteristics via simulation of IM Mathematical Model
Incorporating Constant V/F Scalar Control with a sinusoidal voltage supply with
Zero Load Torque (mo=0 N-m)
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5.1-6

Discussion of Simulation Results for Idle Mode Of Operation (Mq = 0
N-m) with Sinusoidal Supply and a Trapezoidal Input Frequency
COMMAND, FM input

The Dormand Prince (ode 45) solver was chosen having a maximum
simulation step size of 500ps, and a minimum simulation step size of 100 ps.
The performance characteristics illustrated in figure 67(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mg), -direct-axis stator current (isa), -input frequency signal (Fm input), stator flux-linkage (T's), and -rotor flux-linkage (T'r) for the three-phase mathematical
model of the IM in the a-p stationary reference frame (s).
Consideration of the mechanical speed (com) and developed electromagnetic
torque (mg) characteristics during the period 0 s to 0.5 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a sustained oscillation evident in the mg characteristic. The value of
starting torque should be 0.4 N-m but instead overshoots to 0.7 N-m and undershoots
to 0.1 N-m to allow for acceleration of the rotor to its rated speed. To maintain this
starting torque value a stator current (isa) of ± 0.8 A is required. After 0.5 s the
machine is in the steady-state running operation, mg decreases to a value just above 0
N-m. To sustain mg at this value, isa decreases to a nominal value of ± 0.6 A.
At the instant of phase reversal and motor speed command decrease, the motor
begins to decelerate to zero speed and thereafter accelerate in the opposite/negative
direction. During the transient interval 1.5 s to 2.0 s, there is again a sustained
oscillation evident in the mg characteristic. The value of motor torque should be -0.4
N-m but instead overshoots to -0.9 N-m and undershoots to 0.2 N-m. To maintain this
motor torque value a stator current (isa) of ± 0.7 A is required. After 2.0 s the
machine is in the steady-state operational mode. During the steady-state phase, mg
decreases to a value just above 0 N-m. To sustain mg at this value, isa decreases to a
nominal value of ± 0.6 A. The simulation cycle is then repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they are not stabilised. For both to be stabilised they should maintain a constant value
of 1. At the instant of each phase reversal the stator flux-linkage characteristic
increases to 1.8 (with an 80% overshoot) and decreases to 0.20 (with an 80%
undershoot). It can be seen that the constant volts per hertz (V/F) scalar control
scheme does not provide a good controlled torque response with flux stabilisation by
comparison with the Field Oriented Control (FOC) scheme that is discussed in section
5.3.
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The structure of the simulation block labelled ‘Constantvph’ is illustrated in figure
68(a).

Fm input -►

Mechanical Speed
(oom)

Ini

ua

usa

ln2

ub —

usP

Constantvph

Figure 68(a): Constant volts per hertz implementation block
The internal contents of this block are illustrated in Figure 68(b). The ‘uszreff
program details required for the implementation of the constant volts per hertz (V/f)
scalar control example is provided in section 5.1-11 below.

Feedback (com)

Figure 68(b): Circuit required to implement the constant volts per hertz
application defined by Us=/(/J (see figure 66)
5.1-7 Objective OF Test 3 (a AND b)(Part 2): V/F Scalar Control with
Stepped Change of Load Torque and Sinusoidal Supply
The purpose of this test is to examine the performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in figure 36 incorporating the constant volts per hertz (V/f) scalar control
method, subject to the following load torque (mo) condition:
Part 2. Stepped Change of Load Torque (mo =+0.68N-m)
Figure 69(a) illustrates a simulation of the mathematical model of the IM in the a-p
stationary reference frame (s) incorporating constant V/f scalar control. This model is
developed in the Matlab/Simulink software environment and is supplied with a
sinusoidal voltage source of variable frequency (Fm input) and voltage determined by
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the ‘Uszreff subprogram, subject a stepped change load torque condition (mo) of
+0.68 N-m.
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Figure 69(b) shows the normalised performance characteristics in per unit notation
pertaining to Figure 69(a) for a fixed input frequency command signal (Fm input)
incorporating constant V/f control, with load torque stepping.
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Figure 69(b):

Rotor Flux Linkage-T'r=(pra+j(prP

Performance Characteristics via simulation of IM Mathematical Model Incorporating
Constant V/F Scalar Control with a sinusoidal voltage supply with Stepped Change
Load Torque (mo=+0.68 N-m)
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5.1- 8

Discussion of Simulation Results for the Stepped Change in Load
Torque, Mq = +0.68 N-m with Sinusoidal Supply and a Fixed Input
Frequency command, Fm input

The Dormand Prince (ode 45) solver was again chosen for the IM simulation
exercise having a maximum simulation step size of 500ps, and a minimum simulation
step size of 100 ps.
The performance characteristics illustrated in figure 69(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mo), -direct-axis stator current (isa), -input frequency signal (Fm input), stator flux-linkage (T's), and -rotor flux-linkage (T'r), for the three-phase
mathematical model of the IM in the a-p stationary reference frame (s).
Consideration of the mechanical speed (com) and developed electromagnetic
torque (mg) characteristics during the period 0 s to 0.2 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high starting electromagnetic torque developed (mg) equal to 3.7 N-m
to allow for acceleration of the rotor to its rated speed value. To maintain this high
starting torque value a high stator current (isa) of ± 3.2 A is required. After 0.2 s the
machine is in the steady-state operational mode. During the steady-state phase, mg
decreases to a value just above 0 N-m. To maintain mg at this low value, isa decreases
to its nominal value of ± 0.6 A. To initiate the stepped change in load torque (mo =
+0.68 N-m) and to sustain mg at +0.68 N-m, isa is increased to ± lA from 0.5 s to 1.0
s. During the intervals in which the load torque is stepped there is a slight reduction
evident in the mechanical speed characteristic.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they show an excellent degree of stabilisation, having very low overshoot and
undershoot characteristics even for stepped change of load torque.
5.1- 9

Objective of Test 3 (a and b)(Part 3); V/F SCALAR CONTROL WITH
Nominal Load Torque and Sinusoidal Supply

The purpose of this test is to examine the performance and torque-speed
characteristics of the three-phase IM in the a-(3 stationary reference frame (s) as
shown in figure 36 incorporating the constant volts per hertz (V/f) scalar control
method, subject to the following load torque (mg) condition;
Part 3. Nominal Load Torque (mg =+0.68N-m)
Figure 69(c) illustrates a simulation of the mathematical model of the IM in the a-P
stationary reference frame (s) incorporating constant V/f scalar control. This model is
developed in the Matlab/Simulink software environment and suppliea \vith a sinusoidal
voltage source of variable frequency (Fm input) and voltage determined by the ‘Uszreff
subprogram, subject a nominal load torque condition (m^) of ±0.68 N-m.
Figure 69(d) shows the normalised performance characteristics in per unit notation pertaining
to Figure 69(c) for a trapezoidal input frequency command signal (Fm input) incorporating
constant V/f control, with periodic phase reversal synchronised with load torque stepping.
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IM Model Transient Response for a Trapezoidal I/P Frequency Command Signal with V/f Scalar Control
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Figure 69(d):

Performance Characteristics via simulation of IM Mathematical Model
Incorporating Constant V/F Scalar Control from a sinusoidal voltage supply with
Nominal Load Torque (m()=±0.68 N-m)
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5.1- 10 Discussion of Simulation Results for Nominal Load Torque, (Mq
=±0.68 N-m) with Sinusoidal Supply and a Trapezoidal Input
Frequency command, Fm input

The Dormand Prince (ode 45) solver was again chosen for this IM
simulation exercise having a maximum simulation step size of 500p,s, and a minimum
simulation step size of 100 ps. The performance characteristics illustrated in Figure
69 (d) are the normalised -angular velocity (com), -developed electromagnetic torque
(me), -load torque (mo), -input frequency signal (Fm input), -direct-axis stator current
(isa), -stator flux-linkage (T's), and -rotor flux-linkage (T'r), for the three-phase
mathematical model of the IM in the a-(3 stationary reference frame (s).
Consideration of the mechanical speed (com) and developed electromagnetic
torque (me) characteristics during the interval 0 s to 0.5 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a sustained oscillation evident in the me characteristic. The value of
starting torque should be 1.0 N-m but instead overshoots to 1.75 N-ni to allow for
acceleration of the rotor to its rated speed value. To maintain this starting torque value
a stator current (isa) of ± 1.5 A is required. After 0.5 s the machine is in the steadystate running mode. During the steady-state phase, me decreases to its nominal value
of 0.68 N-m. To sustain me and load torque (mo = +0.68 N-m) at their nominal values,
isa attains its nominal value of ± 1.0 A from 0.5 s to 1 s.
At the instant of phase reversal and input frequency signal (Fm input)
decrease, the motor begins to rotate in the opposite/negative direction. During the
transient interval 1.5 s to 2.0 s, there is a sustained oscillation evident in the mg
characteristic. The value of motor torque should be -1.0 N-m but instead overshoots to
-1.75 N-m and undershoots to 0.2 N-m. To maintain this motor torque value a stator
current (isa) of ± 1.5 A is required. After 2.0 s the machine is in the steady-state
operational mode. During the steady-state phase, mg decreases to its nominal value of
-0.68 N-m. To sustain mg and load torque (mo = -0.68 N-m) at their nominal values,
isa attains its nominal value of ± 1.0 A from 2.0 s to 2.5 s. The simulation cycle is
then repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they are not stabilised. For both to be stabilised they should maintain a constant value
of 1. At the instant of each phase reversal the stator-flux linkage characteristic
increases to 1.75 (with a 75% overshoot) and decreases to 0.30 (with a 70%
undershoot). It can be seen again that the constant volts per hertz (V/F) scalar control
scheme does not provide a good controlled torque response with flux stabilisation by
comparison with the Field Oriented Control (FOC) scheme that is discussed in section
5.3.
5.1- 11: M-file Code for Subprograms Pertaining to Test 3 (a and b)

5.1- 11-1:

M-File Code FOR‘USZREFF’ s-function

The following s-function determines the optimal value of stator voltage to be
input to the system that will maintain stabilisation of the stator-flux 'Fs for
different values of stator frequency fs. The stator-flux is stabilised by changing
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the amplitude of the stator input step voltage

, which is dependent on the

stator frequency fs, from the equation
'S

r

r \2

+ ifs—+fr-y

ox r

(263)
\2

1+a—)

r.

For the ideal case when the rotor frequency (/i-=0) then eqt. (263) can be rewritten as:
(264)

V
%

fs

The following m-file code refers to the ‘uszrefF s-function
function[sys,xO]=uszreff(t,x,u,flag,f)

%

Define system output

%

sys(l)=Usz;

%

Usz is the stator voltage step input

%

Define system inputs

%

u(l)=fm input, u(2)=com;

%

fm input is the modulating signal frequency input parameter, com is the

%

mechanical speed feedback signal
if abs(flag)==l
sys=u;

%

Define the system outputs
elseif flag==3

%

Define the normalised base impedance parameter zb
zb=15.7142;

%

Define the stator frequency
fs=u(l)/50;

%

The stator frequency is fs=fm input/50

%

Define the rotor frequency
fr=fs-u(2);

%

The rotor frequency fr=fs-comech

%

Define the per-phase stator magnetising reactance
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Xm-25.7;

%

Define the per-phase normalised stator resistance
rs=0.7/zb;

%

0.7Q represents the per-phase stator resistance value

%

Define the per-phase normalised rotor resistance
rr=0.61/zb;

%

0.61Q represents the per-phase rotor resistance value

%

Define the per-phase normalised stator reactance
xs=(0.8483+Xm)/zb;

%

0.8483Q represents the per-phase stator reactance value

%

Define the per-phase normalised rotor reactance
xr=(0.7583+Xm)/zb;

%

0.7583Q represents the per-phase rotor reactance value

%

The parameter zigma is obtained from

%

cr = 1 -

M

zigma=0.19138;

%

Define the system output in accordance with eqt. (263)
r \2

%

fj r,

Recall, Wo =

n

r.

1+ (/.—)•
r.
sys(l)=

(rs/xs)*sqrt(((l-(fs*fr*zigma* ((xs*xr) / (rs*rr))))^2+((fs*xs/rs)+(fr*xr/rr))'^2)
/(1 +(fr*zigma*xr/rr)^2));

%

System only has one output
sys(2)=0;

%

Unused Flags
elseif flag==0
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sys=[2,0,2,2,0,0];
xO=0;
else
sys=[];
% Program Termination

end

5.2:

Details of IM Simulation Programs for Test 3 (c and d)

This section provides detailed results for Test 3 (c and d) of Table 1.2, section
1.4 of chapter 1. This section concerns the model development of the high-performance
industrial IM drive provided by Moog Ireland in the a-p stationary reference frame
(s) using eqts. (214 and 215). This model incorporates the constant volts per hertz
(V/f) scalar control method, for a space vector pulse-width modulated voltage supply
source, and is validated for the following load torque considerations in the
Matlab/Simulink software environment,
1.
2.
3.

Zero Load Torque-Idle Mode (ON-m)
Stepped Change of Load Torque (+0.68N-m)
Nominal Load Torque (±0.68N-m)

The constant volts per hertz (V/f) scalar control method is incorporated into the
Matlab/Simulink workspace by the m-file subprogram ‘Uszreff whose code is
provided in section 5.1-11.
Subprograms
Uszreff

:This subprogram fixes the stator voltage as a function of stator
frequency in accordance with eqt. (263)

This simulation program permits examination of the appropriate IM performance
characteristics pertaining to angular shaft velocity, developed electromagnetic load
torque, stator and rotor currents. The IM design models for each of the tests specified
in the Matlab/Simulink environment are also included.
5.2- 1

Test Three (c and d): Simulation of IM Mathematical Model in a-p
Stationary Reference Frame (s) with SV-PWM Voltage Supply

Using this dynamic machine model of the IM in the a-P stationary reference frame (s)
supplied from an SV-PWM voltage source, the IM performance characteristics
consisting of the angular shaft velocity, developed electromagnetic torque, direct-axis
stator and rotor currents were examined, subject to the machine parameters of chapter
3-section 3.10-2, Table 3.2:
5.2- 2 Parameters for IM Model:
A three-phase, four pole, 220Vrms, 50Hz squirrel-cage IM, having the parameter
values defined in chapter 3-section 3.10-2, Table 3.2, with definitions given in chapter
3- section 3.8-1, eqts. (215(a) and 215(b)).
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5.2-3

Objective of Test 3 (c and d)(Part 1): V/f Scalar Control with Zero
Load Torque Condition and SV-PWM Supply

The purpose of this test is to examine the performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in figure 36 incorporating the constant volts per hertz (V/f) scalar control
method, subject to the following load torque (mo) condition:
Part l.Zero Load Torque (mo =0N-m) -Idle Mode (Free Acceleration)
Figure 70(a) illustrates a simulation of the mathematical model of the IM in the a-P
stationary reference frame (s) incorporating V/f scalar control. This model is
developed in the Matlab/Simulink software environment and supplied with a space
vector pulse-width modulated voltaue source subject to a load torque condition of 0
N-m.
Figure 70 (b) shows the normalised motor transient response characteristics for a
trapezoidal input frequency command signal (Fm input) with V/f control in per unit
notation pertaining to the IM model of figure 70(a) with periodic reversal of the stator
phases.
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IM Model Transient Response for a Trapezoidal I/P Frequency Command Signal with V/f Scalar Control
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Performance Characteristics via simulation of IM Mathematical Model
Incorporating Constant V/F Scalar Control from a Space Vector Voltage supply
with Zero Load Torque (mo=0N-m)
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5.2-4 Discussion

Simulation Results for Idle Mode Of Operation (Mq = 0
N-m) with SV-PWM and a Trapezoidal Input Frequency Command (Fm
input)
of

The Dormand Prince (ode 45) solver was chosen with a fixed simulation step
size setting of 40p.s.
The performance characteristics illustrated in Figure 70(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mo), -direct-axis stator current (isa), -input frequency signal (Fm input), stator flux-linkage (T's), and -rotor flux-linkage (T'r), for the three-phase
mathematical model of the IM in the a-p stationary reference frame (s). The
characteristics are very similar to those observed in Figure 67(b) but the effect of the
harmonics on the characteristics are very evident since the model is supplied by a
space vector modulated voltage source.
Consideration of the mechanical speed (com) and developed electromagnetic
torque (me) characteristics during the interval 0 s to 0.2 s reveal that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a high electromagnetic torque developed (mg) equal to 3.7 N-m to
allow for acceleration of the rotor to its rated value. To maintain this high motor
torque value a high stator current (isa) of ± 3.2 A is required. After 0.2 s the machine
is in steady-state running operation. During the steady-state phase
decreases to a
value just above 0 N-m. To hold
at this value, isa decreases to a nominal value of
± 0.6 A. The simulation cycle is then repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they are not stabilised. For both to be stabilised they should maintain a constant value
of 1. At the instant of each phase reversal the stator flux- linkage characteristic
increases to 3.1 and decreases to 0.10. It can be seen that the constant volts per hertz
(V/f) scalar control scheme does not provide a good controlled torque response with
flux stabilisation.
The structure of the simulation block labelled ‘Constantvph’ in Figure 70 (a) is
illustrated in Figure 71(a).
Fm input

fm
Ini

r
uh

In2

Mechanical Speed
(com)

gamma
0ut5

Constantvph

Figure 71(a): Constant volts per hertz implementation block
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The internal contents of this block are depicted in Figure 71(b).

Outs

Figure 71(b): Circuit required to implement the constant volts per hertz
application defined by Us=/(/i) (see figure 66)
The internal contents of the simulation block labelled ‘Space Vector PWM’ from
Figure 70(a) is illustrated in Figure 71(c).

Figure 71(c): Contents of Space Vector PWM
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5.2-5 Objective of Test 3 (c and d)(Part 2): V/f Scalar Control with Stepped
Change Load Torque Condition and SV-PWM Supply

The purpose of this test is to examine the performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in figure 36 incorporating the constant volts per hertz (V/f) scalar control
method, subject to the following load torque (mo) condition;
Part 2. Stepped Change of Load Torque (mo =+0.68N-m)
Figure 72 (a) illustrates a simulation of the mathematical model of the EM in the a-P
stationary reference frame (s) incorporating V/f scalar control. This model is
developed in the Matlab/Simulink software environment and supplied with a space
vector pulse-width modulated voltage source subject to a stepped change load torque
condition of +0.68 N-m.
Figure 72 (b) shows the normalised motor transient response characteristics for a
trapezoidal input frequency command signal (Fm input) with V/f control in per unit
notation pertaining to the IM model of figure 72(a) with load torque steppinu.
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Performance Characteristics via simulation of IM Mathematical Model
Incorporating Constant V/F Scalar Control from a Space Vector Voltage supply
with Stepped Change Load Torque (mo=+0.68N-m)
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5.2- 6 Discussion

Simulation Results for Stepped Change Of Load
Torque, (Mq = +0.68 N-m) with SV-PWM Supply and a Fixed Input
Frequency Command (FM Input)
of

The Dormand Prince (ode 45) simulation solver was again chosen for the IM
simulation exercise having a fixed simulation step size setting of 40p.s.
The performance characteristics illustrated in figure 72(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mo), -direct-axis stator current (isa), -input frequency signal (Fm input), stator flux-linkage (T's), and -rotor flux-linkage (T'r), for the three-phase
mathematical model of the IM in the a-p stationary reference frame (s). The
characteristics are very similar to those observed in Figure 69(b) but the effect of the
harmonics on the characteristics are very evident since the model is supplied by a
space vector modulated voltage source.
Consideration of the mechanical speed (com) and developed electromagnetic
torque (mg) characteristics during the time 0 s to 0.2 s reveal that the IM is in transient
operational mode. This means that the IM is increasing towards its maximum rated
speed value of 1 radian per second [per unit]. During the transient phase, there is a
high starting electromagnetic torque developed (mg) equal to 7.5 N-m to allow for
acceleration of the rotor to its rated speed value. To maintain this high starting torque
value a high stator current (isa) of ± 4.2 A is required. After 0.2 s the machine is in
the steady-state running mode. During the steady-state mode, mg decreases to a value
just above 0 N-m. To sustain mg at this value, isa decreases to a nominal value of ±
0.9 A. To initiate the stepped change in load torque (mo = +0.68 N-m) and sustain
mg= +0.68 N-m, isa is increased to ± lA from 0.5 s to 1.0 s. During the intervals in
which the load torque is stepped there is a slight reduction evident in the mechanical
speed characteristic.
Observation of the stator- and rotor-flux-linkage characteristics reveal that
they show an excellent degree of stabilisation, having very lew overshoot and
undershoot characteristics even for stepped change of load torque.
5.2- 7

Objective of Test 3 (c and d)(Part 3): V/f Scalar Control with
Nominal Load Torque Condition and SV-PWM Supply

The purpose of this test is to examine the performance and torque-speed
characteristics of the three-phase IM in the a-(3 stationary reference frame (s) as
shown in figure 36 incorporating the constant volts per hertz (V/f) scalar control
method, subject to the following load torque (mg) condition:
Part 3. Nominal Load Torque (mg =±0.68N-m)
Figure 73(a) illustrates a simulation of the mathematical model of the IM in the a-P
stationary reference frame (s) incorporating V/f scalar control. This model is
developed in the Matlab/Simulink software environment and supplied with a space
vector pulse-width modulated voltage source subject to a nominal load torque
condition of ±0.68 N-m.
Figure 73(b) shows the normalised motor transient response characteristics for a
trapezoidal input frequency command signal (Fm input) with V/f control in per unit
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notation pertaining to the IM model of figure 73(a) with periodic phase reversal
synchronised with nominal load torque stepping.

IM Model Transient Response for a Trapezoidal I/P Frequency Command Signal with V/f Scalar Control

Tifne(8)

Stator Flux Linkage-*F's=(psa+j(ps(3

betha[pu]

Rotor Flux Linkage-Tr=(pDR+j(poR

betha[pu]

alpha[pu]

alpha[pu]

Figure 73(b): Performance Characteristics via simulation of IM Mathematical Model
Incorporating Constant V/F Scalar Control with a Space Vector Voltage
supply with Nominal Load Torque (mo=±0.68N-m)
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5.2-8: Discussion of Simulation Results for Nominal Load Torque, (Mq =
±0.68 N-m) with SV-PWM Supply and A Trapezoidal Frequency
Command Input, Fm input

The Dormand Prince (ode 45) solver was again chosen for this IM simulation
exercise having a fixed simulation step size setting of 40ps.
The performance characteristics illustrated are the r ormalised-angular
velocity (com), -developed electromagnetic torque (me), -load torque (mo), -direct-axis
stator current (isa), -input frequency signal (Fm input), -stator flux-linkage (T^s), and
-rotor flux-linkage ('Tr), for the three-phase mathematical model of the IM in the a-p
stationary reference frame (s). The characteristics are very similar to those observed
in Figure 69(d) but the effect of the harmonics on the characteristics are very evident
since the model is supplied by a space vector modulated source.
Consideration of the mechanical speed (com) and developed electromagnetic
torque (mg) characteristics during the period 0 s to 0.5 s show that the IM is in
transient operational mode. This means that the IM is increasing towards its
maximum rated speed value of 1 radian per second [per unit]. During the transient
phase, there is a sustained oscillation evident in the mg characteristic. The value of
starting torque should be 1.2 N-m but instead overshoots to 2.0 N-m to allow for
acceleration of the rotor to its rated speed value. To maintain this starting torque value
a stator current (isa) of ± 1.2 A is required. After 0.5 s the machine is in the steadystate running mode. During the steady-state phase, mg decreases to its nominal value
of 0.68 N-m. To sustain mg and load torque (mo= +0.68 N-m) at their nominal values,
isa decreases to a nominal value of ± 1.1 A from 0.5 sec to 1 sec.
At the instant of phase reversal, the motor begins to decelerate to zero speed
and thereafter accelerate in the opposite/negative direction. During the transient
period 1.5 s to 2.0 s there is again a sustained oscillation evident in the mg
characteristic. The value of this motor torque should be -1.2 N-m but instead
overshoots to -2.0 N-m and undershoots to 0.5 N-m. To maintain this starting torque
value a stator current (isa) of ± 1.8 A is required. After the IM has reached its peak
speed in 2.0 s the machine is in the steady-state running mode. During the steady-state
phase, mg decreases to its nominal value of -0.68 N-m. To sustain mg and initiate the
load torque (mg = -0.68 N-m) at their nominal values, isa decreases to a nominal
value of ± 1.1 A from 2.0 s to 2.5 s. The simulation cycle is then repeated.
Observation of the stator- and rotor-flux-linkage characteristics reveal that they are
not stabilised. For both to be stabilised they should maintain a constard value of 1. At
the instant of each phase reversal the stator flux-linkage characteristic increases to
3.20 and decreases to 0.20. It can be seen that the constant volts per hertz (V/f) scalar
control scheme does not provide a good controlled torque response with flux
stabilisation by comparison with the Field Oriented Control (FOC) scheme which is
discussed in section 5.3.
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5.2- 9 Introduction to Decoupling
In this section the necessity for decoupling circuitry in field oriented control
is discussed is discussed. A decoupling block is developed such that the indirect rotor
flux-oriented vector control strategy can be implemented to provide optimal controller
response and thus ideal performance characteristics. The stator voltage equations
necessary for this process are derived and formulated in the special x-y reference
frame.

5.2- 9.1 Requirement for Decoupling Circuitry
The normalised stator voltage equation in the special x-y reference frame is
given by:
^SwR ~ ^~ ^SX

Cv

J^SY ~

^SwR

J^MR^.

dt

(265)

S(pR

where Tn is the normalised speed parameter reference defined in chapter 3, section
3.8, eqt. (213-d), and
=1^^^ + Ji^y
"^spR -^sx ■*"
represent the statorcurrent and -flux-linkage space phasors in the special x-y reference frame
respectively, and comr is the speed of the rotor-flux-linkage space phasor

in the

special x-y reference frame (chapter 3-section 3.5-2, figure 33) and is given by:

(265-a)

dp^

^MR

dt

The stator and rotor flux-linkage space phasors

and

can be formulated in

terms of the stator and rotor currents as:
^ S(pR

_ vp

_/ ;

^

, / ;

'■ S'^ScpR ^R(pR

(265-b)

'E^ R(pR =l 1'-R(pR +l
7 =4^ R*^
^M''S(pR
r

The rotor current space phasor z^^^ in the special x-y reference frame is given by:
^ R(pR

‘■M‘^S<pR

(266)

^R(pR
Substitution of eqt. (266) into eqt. (265-b) gives:
4^ S(pR

vp

^ ScpR

T'
^ ScpR

C hcpR
1

^f^fvp

\ ^ R(pR

^

^4^^ R(pR -I‘■M‘'S(pR
7
1 ^

n _Lm\
‘■ScpR V‘5

^

/

(266-a)

0‘■M ^
T'
(7 •‘'ScpR
i
^ R(pR +l
^
\^R J

And the total leakage coefficient cr is given by:
,

<T = 1 - M

2

(266-b)
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Following substitution of eqt. (266) into eqt. (265) and resolving into real (x)
imaginary (y) components then the following two-axis differential equations are
obtained for the stator currents:
u
Ts —■hx 4 hx ~
(267)
r,
at
at
"*■

T ^
S ,
at

^SY

•

^SY ~

''SY

— ^TS^S(P
(D

S(p

where Ts is the stator time constant, here T. =

^ R(pR

(268)

, where Is is the normalised per-

phase stator inductance, and rs is the normalised per-phase stator resistance, crr^ is the
/<
, and Is’ is the stator
stator transient time constant of the machine, here crT^ =
O r

transient inductance. Q^is the actual angular velocity of the IM. In eqts. (267 and
268) there is unwanted coupling between the stator circuits on the two axes. For the
purpose of rotor flux-oriented control, it is the direct-axis stator current isx (rotor-flux
producing current component) and the quadrature-axis stator current igy (torqueproducing current component) which must be independently controlled. However
since the voltage equations are coupled, and the coupling term in Usx depends on isy
and the coupling term in Usy depends on isx, then Usx and Usy cannot be considered as
decoupled control variables for the rotor flux and the electromagnetic torque. The
stator current components isx, isy can only be independently controlled if the stator
voltage eqts. (267 and 268) are decoupled.
From eqt.(267) there is a rotational voltage coupling term co^^crT^Q^i^y,
and thus the quadrature-axis stator current isy affects the direct-axis stator voltage UsxSimilarly in eqt. (268) there is a rotational voltage coupling term
/'■M
^Scp
^ N ^SX
^s^S(p^R<pR ’
the direct-axis stator current isx affects the
^ R^S
quadrature-axis stator voltage Usy. It follows from eqt’s. (267 and 268) that the stator
current components can be independently controlled if the decoupling voltage
components cdx and Cdy given by:
^M T
vx/
(269)
’dX
n^sy
dt^
I

^ T
(D ^
(270)
^ S^Scp
^ R<pR
^R^S
are added to the outputs of the current controllers fox, for
per eqts. (271 and 272)
that control isx and isy respectively. The voltage at the output of the direct- and
quadrature-axes current controllers are given by:
d_
fox
hx
hx
(271)
dt
d
fDY ~ ^SY
(272)
''SY
dt
eqt’s. (267 and 268) can be rewritten as follows:
d
^ M rp
\
(273)
^s^^sx crTp—/cv — S(p
A,/c.v +
dt^^
^ dt
^DY ~

^Sip^^S^xhx

~
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'SY

~

N^SX

,

,

(274)

^S^S(d^R(dR^

^R^S
^SX

ifox

'*'

(275)
(276)

^DX )

^SY ~^sifDY ‘*‘^Dk)

CO K

COj^

COo =

+ COf^

hy
Q rR 4^^ RcpR

=314.159
T
^s =

O r

(278); T, =
^N>'r

s

ill!)

rads
sec
(279); a = \- M
^ R^S

(266-b)

where Tr is the rotor time constant, and Ir is the normalised per-phase rotor
inductance. The decoupling voltages required can be obtained via the following
circuit implementation of figure 74.
Flux Current-isx

CdY

O------- M a*QN*Ts

Torque Current-isy
a*Ox, *Tc
^
^S

tz

lm/(TR*QN)

Rotor Flux
T^RcpR

w

(Or

m

► XH^

CdX

Im *Ts /( 1r*1s)

Mechanical

O

Speed-coM

d
dt
Figure 74:

Circuit used to obtain the decoupling circuit voltages, eox? and eov

Figure 75 denotes the Matlab/Simulink simulation block containing the circuit
configuration of Figure 74.
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Figure 75:

Subsystem denoting decoupling circuit configuration of figure 74.

The Matlab/Simulink implementation depicting the contents of the decoupling
subsystem of Figure 75 is illustrated in Figure 76.

Figure 76:

Matlab/Simulink Implementation of Decoupling circuit for IM
Vector Control
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From an analysis of simulated results of sections 5.1 and 5.2 it is accepted that the
constant V/f scalar control method does not provide a good controlleo torque response
with flux stabilisation, which are the key requirements if an IM is to be employed in a
high-performance motor drive application. Section 5.3 addresses the indirect rotor
FOC method, which overcomes the problems associated with the constant V/f scalar
control method, and its implementation in a high-performance IM drive application.
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5.2-10 Flux

Torque Controller Development for Field Oriented
Controller Implementation
and

Before the indirect rotor flux-oriented vector control method is incorporated
into the closed-loop dynamic simulation it is necessary to introduce the PI term
controllers used in fixed flux and torque control regulation which will allow for
optimal performance characteristics to be obtained. From figure 76(a) there are four
PI regulators defined and these are given by:
•

PIDphir

Rotor Flux-Linkage (T'/j) Regulator

•

PIDco

Mechanical Speed Regulator

•

PIDrisx

Stator Flux Producing Current Regulator

•

PIDrisy

-

Stator Torque Producing Current Regulator

Proportional-Integral (PI) control compensation provides both past and present
control. Since the past sense of control is present, a PI controlled system requires an
optimisation scheme that will allow the quickest response with minimum overshoot
and ringing [37]. A typical second-order system incorporating proportional-integral
control compensation is illustrated in figure 76(a).

Figure 76(a):

Proportional-Integral Control of a Second Order System

The system closed-loop transfer function

Gcl(s)

is given by:

(.) = LL) =-------------- A.Kp.s + A.Ki-------------R(s)
+ s{coJ + A.Kp) + A.Ki
and the system characteristic equation is
^ + s(o}„^ + A.Kp) + A.Ki = 0

(281)

From eqt. (281) the effect of integral control is to increase the order of the system
from a second order to a third order type. If the first order system is taken to be (s+a)
then by long division the second order system will emerge. When the damping ratio
of the second order system is specified between 0 and 1, then the optimal location of
the first order pole is equivalent to the real part of the pole locations for the secondorder system. This will guarantee the quickest response possible with PI control
compensation. The first order pole (a) is determined by:
a=

2

(281-a)
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Thus for an optimal system the first order system should be:
^ + <3 = 5' +

2|„®„

(281-b)

and by using long division the second order system will emerge in terms of the gains
Kp and Ki. From the specified system damping ratio ((J^) and setting the remainder
of the long division to zero then optimal values can be calculated for Kp and Ki.
For the rotor-flux oriented vector control scheme presented in figure 77(a)
incorporating four PI regulators defined above, the values of both Kp and Ki for each
regulator will be determined. Each regulator will be analysed separately. During
simulation the gains are tuned so as to achieve satisfactory performance
characteristics.
5.2-10.1

Stator flux producing current regulator- PIDrisx

The flux-producing stator current isx (s) to current controller output fdx (s) transfer
function Gi (s) is given by:
G^is) =

where

1

Z5X(5') _

fdx{s)

(1 +

(282)

)(1 + sTy)

— is the stator time constant, cr = 1 -

is the total leakage co

efficient, and Tv represents the time delay of the voltage source inverter and can be
assumed to be one third that of the switching period [8]. This value was chosen so as
fdx(s)

G,(S)

isx(s)

Plant Transfer Fcn

Figure 76(b): Plant Transfer Function
to fulfil the optimal modulus criteria, and thus to obtain performance characteristics
that reflect with accuracy the quality of the rotor flux-oriented vector control scheme
in comparison to that of the constant volts per hertz scalar control scheme. This delay
had to be modelled into the simulation. The IM drive developed for the rotor fluxoriented vector control scheme is considered to be a real drive. If such a drive was
considered to be an ideal type then there would be no dead time components
incorporated into the simulation. For a real IM drive there are unwanted delay
components due to the delay of the inverter, signal processing, etc. These have to be
taken account of, since they cause unwanted coupling terms and it is therefore not
possible to perform the required decoupling of the stator circuits using an ideal circuit.
The unwanted coupling can cause instabilities, etc. and consequently can make the Im
vector control scheme totally inoperative. Consequently delays are taken into
consideration in the development of the vector controlled IM drive. The transfer
function GRj(s) of the PI Current Regulator is determined from the Optimal Modulus
Criteria (here the PI parameters are adjusted specifically to obtain desired
performance characteristics within a specific overshoot and settling time level) [8,38]
and is given by:
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"

(283)

2sTy

Eqt. (283) represents a standard PI controller equation as follows:
(284)

Gp, {s) =-------------

In this case the proportional gain Kp equals —and the integral gain Ki equals
'2,'T'y

1

. The closed loop transfer function

Gcli(s)

relating the actual flux-producing

stator current isx (s) to the reference flux-producing stator current isxz (s) is given by:

Ei(s)

1 + 5cr7’e

fdx(s)

2sT„
PI Transfer Fen

Figure 76(c):

Plant Transfer Fen

Proportional-Integral Control of Second Order System
1+^ * .

Gru (^) =

G,,(5)*G,(5)
1 + (G,,(.)*G,(5))

1

2sTy

{\^cjT,){\^sTy)
1
^ , ((^ + ^^^)*(
))
2sTy
(1 + crr^)(l-I-^Tj.)
1
{2sTy +2s^Ty^) + \
1
2s Ty (1 + .S' Ty ) + 1
SinceTy <(1

Gru (^) =

5.2-10.2

1

(285)

2sTy +1

Rotor Flux-Linkage (4^^) Regulator - PIDphir

The rotor flux-linkage
(s) to reference flux-producing stator current isxz (s)
(s) is given by:
transfer function
G^{s) = isxz(s)

(\ + sTi)(\ + sTp)

(286)

231

where To

is the rotor time constant,

xm

is the normalised per-phase stator

magnetising reactance, and T/ represents the time delay of the current control loop and
can be assumed to be two thirds that of the switching period [8].
isxz(s)

G^s)

Tr(s)

Plant Transfer Fen

Figure 76(d): Plant Transfer Function
The transfer function Grt(s) of the PI Flux Regulator is determined from the Optimal
Modulus Criteria [8,38] and is given by:
(287)

(5) =

Ix^sT,
Eqt. (287) represents a standard PI controller equation as follows:
f

\

^I

p

(284)
T
In this case the proportional gain Kp equals -----—, and the integral gain K| equals
1

. The closed loop transfer function Gclh^(s) relating the actual rotor flux

to the reference rotor flux

(s)

(s) is given by:

PI Transfer Fen

Plant Transfer Fen

Figure 76(e): Proportional-Integral Control of Second Order System
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l+^Tn

^CL'V

C*^)

~

1 + (G,^(5)*G^(5))

'-M

(------V{—
^Ix^sT,
{\ + sT,){\ + sT,)
1 + 57,^ \ *
XM
)*())
l + ((
2x^sT,
{\ + sT,){\ + sT^)
1

(257, +25^7/) + !
1
257,(1 + 57,) + !

Since!, ((1
(288)

1

257, +1

The complete rotor flux regulation control loop is illustrated in Figure 76 (f). This
diagram should be examined in conjunction with Figure 77(a) for the closed-loop IM
model simulation.

Figure 76 (f): Flux Regulation Loop
5.2-10.3

Stator Torque producing current regulator- PIDrisy

The torque-producing stator current isy (s) to current controller output fdy (s) transfer
function Gi (s) is given by:
G,(5)=

fdy(s)

fdy{s)

1
_________________
(1 + c77,)(1 + 57,)

Gi(s)

(289)

isy(s)

Plant Transfer Fcn

Figure 76(g): Plant Transfer Function
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The transfer function GRi(s) of the PI Current Regulator is determined from the
Optimal Modulus Criteria [8,38] and is given by:
^RI

(290)

2sTy

Eqt. (290) represents a standard PI controller equation as follows:
(284)

Gp, (*5) =--------------ctT

In this case the proportional gain Kp equals —-, and the integral gain Ki equals
2Ty

1

The closed loop transfer function Gcli(s) relating the actual torque-producing
2r.
stator current isy (s) to the reference torque-producing stator current isyz (s) is given
by:

Figure 76(h):

Proportional-Integral Control of Second Order System
^

G,,(5)*G,(5)

IsTy

1
\\ + aT,){\ + sTy)
1

1 + (G,,(5)*G,(5))

(l-ro-7;)(l + 5r^)

2sTy

))

1
{2sTy +2^'r/) + l
1

25 7]/ (1 + 5 Ty ) +1
SinceTy <(1
Grn (S) =

1

(291)

2sTy +1
5.2-10.4

Mechanical Speed regulator- PIDco

The IM mechanical shaft speed com (s) to reference torque-producing stator current
is>z (s) transfer function Geo (s) is given by:
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com{s)

1 *

GJs} = -

isyz{s)

isyz(s)

1

(292)

I + sT;

Qjm(s)

G(o(s)
Plant Transfer Fcn

Figure 76(i): Plant Transfer Function
The transfer funetion Gro)(s) of the PI Speed Regulator is determined from the
Optimal Symmetry Criteria [8,38] and is given by:
f r,\ — 1 + 457I _ TM

r'

1 + 457/

(293)

7M
Eqt. (293) represents a standard PI controller equation as follows:
(284)

Gp, {s) =------------ ^

47 7
In this case the proportional gain Kp equals —, and the integral gain Ki
87/
7
equals—^ . The closed loop transfer function Gcl®(s) relating the actual mechanical
87/
speed com (s) to the reference mechanical speed comz (s) is given by:

(omz(s)

Eco(s)

^
►

1

*

1
1 + sTi

PI Transfer Fen

isyz(s) ^

w

Tm

87/

^ -,

*1 + 4 7

Qjm(s)

5

Plant Transfer Fen

Figure 76 (j): Proportional-Integral Control of Speed Loop
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(__L *
^CLco

=

G,a.(s)*GJs)
1 + (G,, (5) * G, (.))

Tm

^^

^

^ ^

1 + ‘5^/

^

*1+
87/

(294)

* _JL_) *
1 + -^^/

87,

1 + 4sT,
iST,s){\ + sT,) + \ + 4sT,
1 + 4sT,
(87/5“ +5(87/ +47,) + l

The complete mechanical speed/torque regulation control loop is illustrated in Figure
76 (k). This diagram should be examined in conjunction with Figure 77(a), which is
the complete IM model with field oriented control.

Figure 76(k): Speed/Torque Regulation Loop
Regulator

P Parameter
(KP)

I Parameter

Speed Regulator (pidco)

495

(Ki)
0.001

Rotor Flux-Linkage
Regulator (pidphir)
Stator-Flux Producing
CURRENT Regulator (pidrisx)
Stator-Torque Producing
CURRENT Regulator (pidrisy)

80

0.05

63

0.0125

63

0.0125
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5.2-10.5

Modulus and Symmetrical Optimum

Modulus Optimum (MO) and Symmetrical Optimum (SO) are two methods available
for selecting and tuning controllers. These methods are based on the idea of finding a
controller that makes the frequency response from setpoint to plant output as close to
one as possible for low frequencies. If G(s) is the transfer function from the setpoint
to the output, then the controller is designed in such a way that G(0)=1 and that
d"' I
I
------ \G{jco)\ = Oat
= 0 for as many n as possible, where n denotes the number of

dco''

terms of the derivative. This idea is illustrated with a few examples.

5.2-10.6

Second Order System

Consider the transfer function

G(s) = -------^------S

+ <3,5+ (32

that has been chosen such that G(0)=1. It is next important to determine how the
parameters should be chosen in order to get a maximally fiat frequency response.

a.

\G(jcof =
—

2 ,2

(<y )

CO

+

((32 ~ CO )

CI2

-h

CO

-)

\G{jco)\ =
CO ((3|

— 2(32 ) "t” ^

+ (3-

If (3, = .^2(32 then

\GUco)\ =
CO

4

,

+ (3t

2

The first three derivatives of \G{jco)\ will vanish at the origin. The transfer function
then has the form
G(5) =

CO,

s + ^J^.co^s + co,^

The step response of a system with this transfer function has an overshoot of 4%. The
settling time to within 2% of the steady state value is

. If the transfer function
COo

G in this example is obtained by error feedback of a system with the loop transfer
function Gmo, then the loop transfer function is

G^ois) =

G{s)
1-G(5)

CO,
___________
s{s

+ 42.cOq)

which represents the desired loop transfer function for the method called modulus
optimum.
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5.2-10.7

Third Order System

Consider the transfer function
G{s) =

+ <3,5^ + a^S +

^3

After some calculations
\gu<^)\ =
-2a^a^)co^ +(<3,^ -2a2)co‘^ +co*

The first five derivatives of |G(y&))| will vanish at the origin. If <3,^= 2^2 and
= 2a,<33then the transfer function then has the form
G(s) =

CO,
{s

COq){s^ + COqS + COq )

The step response of a system with this transfer function has an overshoot of 8.1%.
9.4
The settling time to within 2% of the steady state value is
=----. A system with
CO,

this closed loop transfer function G(s) can be obtained with a system having error
feedback with the loop transfer function
3

G{s)
1 - G(.s')

CO,
________________
s{s^ + 2cOqS + 2cjOq )

G(s) can also be obtained from other loop transfer functions if a two-degree of
freedom controller is used. For example, if a process with the transfer function
CO ^

G.(^) =

s{s + 2cOq)

is controlled by a PI controller having parameters K- = 2 and T. =----, then the PI
co^
controller has transfer function
Gc(^) =

K■ (1

sT-^

sT:

cOq

+ 2s
s

The loop transfer function Gso becomes
Gso^^)~Gc{^) G (s) —

s (s + 2cOq)

which represents the desired loop transfer function for the method called symmetrical
optimum.
The methods MO and SO can be called loop-shaping methods since they both try to
obtain a specific loop transfer function. The design methods can be described as
follows. It is firstly established which of the transfer functions, Gj^q{s),G^q{s) is
most appropriate. The controller transfer function Gf^(s) is then chosen such that
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G^^{s) =
Gp{s), where Gj {s) loop transfer function. Both the MO and SO
methods are illustrated with the following examples.
5.2-10.8

MO Control

Consider a process having transfer function
G,(s)=—-—
Incorporating proportional control then the loop transfer function G^ (s) becomes
Giis) = Gr(s)*G(s)=

^
s(sT + \)

To make this transfer function equal to Gj^^is) given by
CO,
__________
s{s + yfY.COg)

G(s)
\-G(s)
it must be required that
1

CO,, =
The controller gain Kp should be chosen as
^

5.2-10.9

_

(Oo42

1

2K

2KT

SO Control

Consider a process having transfer function
K
s(sT +\)
Incorporating proportional/integral control then the loop transfer function G^(s)
becomes
G, (.) = G, W * G, (5) =
sTi

s{sT +1)

5'7;.(.st + i)

To make this transfer function equal to G^^is) given by
G^o

~ Gc (‘^) G

(5) —

5

~

-

—

{s + 2cOq)

it must be required that
T. =4T
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The controller gain Kj should be chosen as
K: =

2KT

5.3:

IM
Field Oriented
Simulations

Control

This section provides detailed results for Test 5 (a and b) of Table 1.2, section 1.4 of
chapter 1 which concerns the model development of the high-performance industrial
IM drive, supplied by Moog Ireland, in the a-p stationary reference frame (s) using
eqts. (214 and 215).

5.3.1: Details of IM Simulation Programs for Test 5 (a and b)
This IM model, which incorporates the indirect rotor flux-oriented vector
control method, is first simulated with a sinusoidal voltage supply source of variable
frequency and voltage, and is validated for the following load torque considerations in
the Matlab/Simulink software environment:
1.
2.
3.

Zero Load Torque-Idle Mode (ON-m)
Stepped Change of Load Torque (+0.68N-ni)
Nominal Load Torque (±0.68N-m)

5.3- 2: Test Five (a and b): Simulation of IM Mathematical Model
IN a-P Stationary Reference Frame (s) with Sinusoidal
Supply
Using this dynamic machine model of the IM in the (a-p) stationary reference frame
(s), the IM performance characteristics consisting of the angular shaft velocity,
developed electromagnetic torque, direct- axis stator and rotor currents were obtained,
with the machine parameters defined in Table 3.2, chapter 3-section 3.10-2.

5.3- 3 Parameters for IM Model:
A three-phase, four pole, 220Vrms, 50Hz squirrel-cage IM, with the machine
parameters defined in Table 3.2, chapter 3-section 3.10-2 was simulated. All the IM
parameters are normalised with respect to the machine base impedance Zb calculated
as the ratio of the peak input voltage Ub to the peak input current Ib.

z
5.3-4

311
= 15.7Q
19.8

Objective of Test Five (a and b)(Part 1): Indirect rotor FOC with Zero
Load Torque Condition and Sinusoidal Supply

The purpose of this test is to examine the closed-loop performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in figure 36 incorporating the rotor-flux oriented vector control method,
subject to the following load torque (mo) condition:
Part l.Zero Load Torque (mo =0N-m) -Idle Mode (Free Acceleration)
Figure 77(a) illustrates the closed-loop simulation of the IM in the a-P stationary reference frame (s)
for simulation of the indirect rotor flux-oriented vector control method. This model is developed in the
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Matlab/Simulink software environment and supplied with a sinusoidal voltage source of variable
frequency and voltage with a periodic input trapezoidal machine speed command, comzref
Figure 77(b) shows the normalised performance characteristics for both speed and flux command
inputs-comzref and phizref respectively, in per unit notation pertaining to figure 77(a).

betha[pu]

^5

Figure 77(b):

alpha[pu]

Performance Characteristics via closed-loop simulation of IM Mathematical
Model incorporating Rotor Flux-Oriented Control from a Sinusoidal Voltage
Supply with Zero Load Torque (m„=0N-m)
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5.3-5

Discussion of Simulation Results for Idle Mode Of Operation (Mq = 0
N-m) with Sinusoidal Supply and a Trapezoidal Speed Input
Command comzref

The Dormand Prince (ode 45) solver was chosen having a maximum
simulation step size of 80 ps and a minimum simulation size of 10 ps.
The performance characteristics illustrated in Figure 77(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mg), -direct-axis stator current (isa), -direct-axis stator voltage (usa), and rotor flux-linkage (T^r), and the -trapezoidal mechanical speed command (comzref),
for the three-phase mathematical model of the IM in the a-p stationary reference
frame (s).
Consideration of the mechanical speed (com) in accordance with the
trapezoidal mechanical speed command input and developed electromagnetic torque
(mg) characteristics during the interval 0 s to 0.5 s reveal that the IM is in transient
operational mode. This means that the IM is increasing towards its maximum rated
speed value of 1 radian per second [per unit]. During the transient period, there is a
high starting electrom.agnetic torque developed (mg) equal to 0.4 N-m to allow for
acceleration of the rotor to its rated speed value. To maintain this starting torque value
a stator current (isa) value of ±0.7 A is required. After 0.5 s the machine is in the
steady-state running mode. During this phase of operation, mg decreases to a value
just above 0 N-m. To maintain mg at this value, isa decreases to the nominal value of
± 0.6 A.
At the instant of speed change, the motor begins to decelerate to zero speed
and thereafter accelerates in the opposite/negative direction. During the transient
interval 1.5 s to 2.0 s, there is an electromagnetic torque (mg) developed equal to -0.4
N-m. To maintain this motor torque value a stator current (isa) value of ± 0.7 A is
required. After 2.0 s the machine is in the steady-state running mode. During the
steady-state phase, mg decreases to a value just above 0 N-m. To sustain mg at this
value, isa attains the nominal value of ± 0.6 A. The simulation cycle is then repeated
at 3.0 s.
Observation of the rotor flux-linkage characteristic reveals excellent rotorflux stabilisation. It can be seen from examination of the characteristics of figure
77(b) that the rotor flux-oriented vector control scheme provides a controlled torque
response with excellent flux stabilisation, thus overcoming the problems normally
associated with the constant volts per hertz (V/f) scalar control method. To verify this,
it is necessary to compare the performance characteristics of figure 67(b) pertaining to
V/f scalar control and figure 77(b) for indirect rotor FOC.
For the applied trapezoidal speed command, there exists a speed regulation
error of 0.07% between the set speed command (comzref) and the output mechanical
speed (com).
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5.3-6

Objective of Test Five (a and b) (Part 2): Indirect rotor FOC with
Stepped Change Load Torque Condition and Sinusoidal Supply

The purpose of this test is to examine the closed-loop performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in figure 36 incorporating the rotor-flux oriented vector control method,
subject to the following load torque (mo) condition:
Part 2. Stepped Change of Load Torque (mo =+0.68N-m)
Figure 78(a) illustrates a closed-loop simulation of the IM mathematical model in
thehe a-p stationary reference frame (s) for simulation of the indirect rotor fluxoriented vector control method. This model is developed in the Matlab/Simulink
software environment, and supplied by a sinusoidal voltage source of variable
frequency and voltage with a set input machine speed command, comzref
Figure 78(b) shows the normalised performance characteristics for both speed and
flux command inputs-comzref and phizref respectively, in per unit notation pertaining
to figure 78(a), with a set input speed command synchronised with load torque
stepping.
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Figure 78(b):

Performance Characteristics via closed-loop simulation of IM Mathematical
Model incorporating Rotor Flux-Oriented Control from a Sinusoidal Voltage
Supply with Stepped Change of Load Torque (mo=+0.68N-m)
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5.3- 7

Discussion of Simulation Results for Periodic Stepped Change of
Load Torque (Mq = +0.68 N-m) with Sinusoidal Supply and a Set Input
Speed Command comzref

The Dormand Prince (ode 45) solver was again chosen for this IM simulation
exercise having a maximum step size of 80 ps and a minimum step size of 10 ps.
The performance characteristics illustrated in Figure 78(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (me), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), and rotor flux-linkage (T'r), and the -trapezoidal mechanical speed command (comzref),
for the three-phase mathematical model of the IM in the a-p stationary reference
frame (s).
Consideration of the mechanical speed (com) in accordance with the
trapezoidal mechanical speed command input and developed electromagnetic torque
(mg) characteristics during the time interval 0 s to 0.5 s reveal that the IM is in
transient operational mode. During this transient phase, there is a high starting
electromagnetic torque developed (mg) equal to 0.4 N-m. This starting torque is
required to sustain the increase in mechanical speed from 0 to 1 radian per second
[per unit]. To maintain this starting torque value requires a stator current (isa) value
of ± 0.7 A. After 0.5 s the machine is in the steady-state running mode. During this
operational phase, mg is increased to a nominal value of +0.68 N-m. To initiate the
stepped change in load torque (mo=+0.68 N-m) and to hold mg at +0.68 N-m, isa is
increased to ± 0.95 A from 0.5 s to 1.25 s. During the intervals in which the load
torque is stepped there is a slight reduction evident in the mechanical speed
characteristic.
Observation of the rotor flux-linkage characteristic reveals that there is
excellent rotor-flux stabilisation. It can be seen from examination of the
characteristics of Figure 78(b) that the rotor flux-oriented vector control scheme
provides a controlled torque response with excellent flux stabilisation, thus
overcoming the problems normally associated with the constant volts per hertz (V/f)
scalar control method. To verify this, it is necessary to compare the performance
charaeteristics of Figure 69(b) pertaining to V/f scalar control and Figure 78(b) for
indirect rotor FOC.
For the set input speed command, there exists a speed regulation error of
0.23 % between the input set command (comzref) and the output mechanical speed
(com).
5.3- 8

Objective of Test Five (a and b) (Part 3): Indirect rotor FOC with
Nominal Load Torque Condition and Sinusoidal Supply

The purpose of this test is to examine the closed-loop performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in figure 36 incorporating the rotor-flux oriented vector control method,
subject to the following load torque (mg) condition:
Part 3. Nominal Load Torque (mg =±0.68N-m)
Figure 79(a) illustrates a closed-loop simulation of the IM mathematical model in the a-P
stationary reference frame (s) pertaining to the indirect rotor flux-oriented vector control
method. This model is developed in the Matlab/Simulink software environment having a
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nominal load torque condition (rrio) of ±0.68 N-m, and supplied with a sinusoidal voltage
source of variable frequency and voltage.
Figure 79(b) shows the normalised performance characteristics for both speed and flux
command inputs-comzref and phizref respectively, in per unit notation pertaining to figure
79(a), with a trapezoidal speed input command synchronised with nominal load torque
stepping
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Figure 79(b):

Performance Characteristics via closed-loop simulation of IM Mathematical
Model incorporating Rotor Flux-Oriented Control from a Sinusoidal Voltage
Supply with Nominal Load Torque (mo=±0.68N-m)

249

5.3-9

Discussion of Simulation Results for Periodic Nominal Load Torque
(Mo = ±0.68 N-m) with a Sinusoidal Supply and a Trapezoidal Speed
Input Command cdmzref

The Dormand Prince (ode 45) solver was again chosen having a maximum
simulation step size of 80 ps and a minimum step size of 10 ps.
The performance characteristics illustrated in Figure 79(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), and rotor flux-linkage ('Fr), and the -trapezoidal mechanical speed command (comzref),
for the three-phase mathematical model of the IM in the a-p stationary reference
frame (s).
Consideration of the mechanical speed (com) in accordance with the
trapezoidal speed input command and developed electromagnetic torque (mg)
characteristics during the period 0 s to 0.5 s reveal that the IM is in transient
operational mode. This means that the IM is increasing towards its maximum rated
speed value of 1 radian per second [per unit]. During the transient operational phase,
there is a high starting electromagnetic torque developed (mg) equal to 1.15 N-m. To
maintain this starting torque value a stator current (isa) value of ± 1.25 A is required.
After 0.5 s the machine is in the steady-state running mode. During this phase, mg
decreases to a nominal value of +0.68 N-m. To initiate the nominal load torque
(mo=+0.68 N-m) and maintain the mg at +0.68 N-m, isa decreases to ± 0.95 A from
0.5 s to 1 s.
At the instant of speed change, the motor begins to decelerate to zero and
thereafter accelerate to its maximum value in the opposite/negative direction. The
synchronised nominal load torque steps to -0.68 N-m at 1.5 s. During the transient
interval 1.5 s to 2.0 s, there is an electromagnetic torque (mg) developed equal to 1.15 N-m. To maintain this developed torque value a stator current (isa) value of ±
1.25 A is required. After 2.0 s the machine is in the steady-state operational mode,
and mg decreases to its nominal value of -0.68 N-m. To sustain the nominal load
torque (mo~0.68 N-m) and maintain the mg at -0.68 N-m, isa decreases to ± 0.95 A
from 2.0 s to 2.5 s. The simulation cycle is then repeated at 3.0 s.
Observation of the rotor flux-linkage characteristic reveals that there is
excellent rotor-flux stabilisation. It can be seen from examination of the
characteristics of Figure 79(b) that the rotor flux-oriented vector control scheme
provides a controlled torque response with excellent flux stabilisation, thus
overcoming the problems normally associated with the constant volts per hertz (V/f)
scalar control method. To verify this, it is necessary to compare the performance
characteristics of Figure 69(d) pertaining to V/f scalar control and Figure 79(b) for
indirect rotor FOC.
For the trapezoidal speed input command, there exists a speed regulation
error of 0.07% between the input command (comzref) and the output mechanical
speed (com).
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5.4:

Details of IM Simulation Programs for Tests 5 (c and d)

This section provides detailed results for Test 5 (c and d) of Table 1.2, section
1.4 of chapter 1 which concerns the model development of a high-performance
industrial IM drive supplied by Moog Ireland in the a-p stationary reference frame
(s) using eqts. (214 and 215). This model which incorporates the indirect rotor fluxoriented vector control method, is supplied with a space vector pulse-width modulated
voltage supply source, and is validated under the following load torque considerations
in the Matlab/Simulink software environment,
1.
2.
3.

Zero Load Torque-Idle Mode (ON-m)
Stepped Change of Load Torque (+0.68N-m)
Nominal Load Torque (±0.68N-m)

The SV-PWM process is incorporated into the Matlab/Simulink workspace using the
m-file subprograms- ‘r_opt’, ‘s.instants’, and ‘states’. The code for subprograms
‘r_opt’ and ‘states’ are provided in sections 4.7-1 and 4.7-3 respectively of chapter 4.
The code for subprogram ‘s.instants’ is provided at the end of this section.
Subprograms
r_opt

:This subprogram calculates the value of carrier frequency
synchronisation ratio parameter r. (See chapter 2, section 2.7-6, figure
25)

s.instants

:This subprogram calculates the switching instants of the SV-PWM
VSI. (See chapter 4, section 4.5-5)

states

:This subprogram generates PWM states. (See chapter 4, section 4.5-6,
figure 60(a) to figure (f).

5.4- 1: Test Five (c and d): Simulation of IM Mathematical Model in a-p
Stationary Reference Frame (s) with SV-PWM Voltage Supply

Using this dynamic machine model of the IM in the (a-P) stationary reference frame
(s) supplied from an SV-PWM supply, the IM performance characteristics consisting
of the angular shaft velocity, developed electromagnetic torque, direct- axis stator and
rotor currents were examined, subject to the machine parameters chapter 3-section
3.10-2, Table 3.2:
5.4- 2

IM Model Parameters:

A three-phase, four pole, 220Vrms, 50Hz squirrel-cage IM, having the parameter
values defined in chapter 3-section 3.10-2, Table 3.2, with definitions given in chapter
3- section 3.8-1, eqts. (215(a) and 215(b)).

5.4- 3 Objective of Test 5 (c

(Part 1): Indirect rotor FOC with Zero
Load Torque Condition and SV-PWM Supply
and d)

The purpose of this test is to examine the closed-loop performance and torque-speed
characteristics of the three-phase IM in the a-p stationary reference frame (s) as
shown in figure 36 incorporating the rotor-flux oriented vector control method,
subject to the following load torque (mo) condition:
Part l.Zero Load Torque (mo =0N-m)-Idle Mode (Free Acceleration)
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Figure 80(a) illustrates a closed-loop simulation of the IM mathematical model in the a-P
stationary reference frame (s) pertaining to the indirect rotor flux-oriented vector control
method. This model is developed in the Matlab/Simulink software environment having a load
torque condition (rrio) of ON-m, and supplied with a space vector pulse-width modulated
voltage source, with an input trapezoidal machine speed command, comzref.
Figure 80(b) shows the normalised performance characteristics for both speed and flux
command inputs-comzref and phizref respectively, in per unit notation pertaining to figure
80(a).
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Figure 80(b): Performance Characteristics via closed-loop simulation of IM Mathematical
Model Incorporating Rotor-Field-Oriented Control from a Space Vector
Supply with Zero Load Torque (mo=0 N-m)
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5.4-4

Discussion of Simulation Results for Idle Mode Of Operation (Mq = 0
N-m) with SV-PWM Supply and A Trapezoidal Speed Input Command
COMZREF

The Dormand Prince (ode 45) solver was chosen having a fixed simulation
step size of 40 ps.
The performance characteristics illustrated in Figure 80(b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mg), -direct-axis stator current (isa), -direct-axis stator voltage (usa), androtor flux-linkage (T'r), and the -trapezoidal mechanical speed command (comzref),
for the three-phase mathematical model of the IM in the a-p stationary reference
frame (s). The characteristics are very similar to those observed in figure 77(b) but the
effect of the harmonics on the characteristics are very evident since the model is
supplied by a space vector modulated source
Consideration of the mechanical speed (com) in accordance with the
trapezoidal speed command input and developed electromagnetic torque (mg)
characteristics during the period 0 s to 0.5 s reveal that the IM is in transient
operational mode. During this transient phase, there is a high starting electromagnetic
torque developed (mg) equal to 0.4 N-m to allow for acceleration of the rotor to its
rated speed value. To maintain this starting torque value a stator current (isa) value of
± 0.75 A is required. After 0.5 s the machine is in the steady-state running mode.
During this operational phase, mg decreases to a value just above 0 N-m. To maintain
mg at this value, isa decreases to the nominal value of ± 0.7 A.
At the instant of speed change, the motor begins to decelerate to zero, and
thereafter accelerate to its maximum value in the opposite/negative direction. During
the transient period 1.5 s to 2.0 s, there is a motor electromagnetic torque (mg)
developed equal to -0.4 N-m. This motor torque is required to sustain the increase in
mechanical speed from 0 to -1 radian per second [per unit]. To maintain this motor
torque value a stator current (isa) value of ± 0.75 A is required. After 2.0 s the
machine is in the steady-state operational mode. During this phase, mg decreases to a
value just above 0 N-m. To hold mg at this value, isa attains the nominal value of ±
0.7 A. The simulation cycle is then repeated at 3.0 s.
Observation of the rotor flux-linkage characteristic reveals that there is
excellent rotor-flux stabilisation. It can be seen from examination of the
characteristics of Figure 80(b) that the rotor flux-oriented vector control scheme
provides a controlled torque response with excellent flux stabilisation, thus
overcoming the problems normally associated with the constant volts per hertz (V/f)
scalar control method. To verify this, it is necessary to compare the performance
characteristics of Figure 70(b) pertaining to V/f scalar control and Figure 80(b) for
indirect rotor FOC. For the trapezoidal speed input command there exists a speed
regulation error of 0.11% between the input set command (comzref) and the output
mechanical speed (com).
The structure of the block labelled ‘Space Vector PWM’ from Figure 80(a) is
depicted in Figure 81(a)
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Figure 81(a): Structure of block Space Vector PWM

Figure 81 (b): Contents of block Space Vector PWM

5.4-5

Objective of Test 5 (c and d) (Part 2): Indirect rotor FOC with
Stepped Change Load Torque Condition and SV-PWM Supply

The purpose of this test is to examine the closed-loop performance and torque-speed
characteristics of the three-phase IM in the a-P stationary reference frame (s) as
shown in figure 36 incorporating the rotor-flux oriented vector control method,
subject to the following load torque (mo) condition:
Part 2. Stepped Change of Load Torque (mo =+0.68 N-m)
Figure 82(a) illustrates a closed-loop simulation of the IM mathematical model m the a-P
stationary reference frame (s) for the indirect rotor flux-oriented vector control method. This
model is developed m the Matlab/Simulmk software environment, having a stepped change of
load torque condition of+0.68 N-m.
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Figure 82(b) shows the normalised performance characteristics for both speed and flux
command inputs-comzref and phizref respectively, in per unit notation pertaining to figure
82(a), with set input speed command synchronised with load torque stepping.
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Figure 82(b):

Performance Characteristics via closed-loop simulation of IM Mathematical Model
Incorporating Rotor-Field-Oriented Control from a Space Vector Supply with
Stepped Change of Load Torque (mo=+0.68 N-m)
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5.4-6

Discussion of Simulation Results for Periodic Stepped Change of
Load Torque (Mq = +0.68 N-m) with SV-PWM Supply and a Set Input
Speed Command comzref

The ode45 (Dormand Prince) solver was again chosen for this simulation
exercise having a fixed step size of 40 ps.
The performance characteristics illustrated in Figure 82 (b) are the
normalised-angular velocity (com), -developed electromagnetic torque (mg), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), and rotor flux-linkage (T^r), and the -trapezoidal mechanical speed command (comzref),
for the three-phase mathematical model of the IM in the a-p stationary reference
frame (s). The characteristics are very similar to those observed in Figure 78(b) but
the effect of the harmonics on the characteristics are very evident since the model is
supplied by a space vector modulated voltage source
Consideration of the mechanical speed (com) in accordance with the
trapezoidal speed input command and developed electromagnetic torque (mg)
characteristics during the interval 0 s to 0.5 s reveal that the IM is in transient
operational mode. During this transient phase, there is a starting electromagnetic
torque developed (mg) equal to 0.4 N-m. This starting torque is required to sustain the
increase in mechanical speed from 0 to 1 radian per second [per unit]. To maintain
this starting torque value a stator current (isa) value of ± 0.8 A is required. After 0.5 s
the machine is in the steady-state operational mode. During this operational phase, mg
increases to a nominal value of +0.68 N-m. To initiate the stepped change in load
torque (mo =+0.68 N-m) and sustain the mg at +0.68 N-m, isa increases to the
nominal value of ± 1.0 A. During the intervals in which the load torque is stepped
there is a slight reduction evident in the mechanical speed characteristic.
Observation of the rotor flux-linkage characteristic reveals that there is
excellent rotor-flux stabilisation. It can be seen from examination of the
characteristics of Figure 82(b) that the rotor flux-oriented vector control scheme
provides a controlled torque response with excellent flux stabilisation, thus
overcoming the problems associated with the constant volts per hertz (V/f) scalar
control method. To verify this, it is necessary to compare the performance
characteristics of Figure 72(b) pertaining to V/f scalar control and Figure 82(b) for
indirect rotor FOC.
For the trapezoidal speed input command there exists a speed regulation
error of 0.30% between the input set speed command (comzref) and the output
mechanical speed (com).
5.4-7

Objective of Test 5 (c and d) (Part 3): Indirect rotor FOC with
Nominal Load Torque and SV-PWM Supply

The purpose of this test is to examine the closed-loop performance and torque-speed
characteristics of the three-phase IM in the a-(3 stationary reference frame (s) as
shown in figure 36 incorporating the rotor-flux oriented vector control method,
subject to the following load torque (mo) condition:
Part 3. Nominal Load Torque (mo =±0.68 N-m)
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Figure 83(a) illustrates a closed-loop simulation of the mathematical model of the IM in the
a-P stationary reference frame (s) incorporating the indirect rotor flux-oriented vector control
method. This model is developed in the Matlab/Simulink software environment having a
nominal load torque condition of ± 0.68 N-m and supplied with a space vector pulse-width
modulated voltage source.
Figure 83(b) shows the normalised performance characteristics for both speed and Ilux
command mputs-comzref and phizref respectively, in per unit notation pertaining to figure
82(a), with trapezoidal input speed command synchronised with nominal load torque
stepping.

A Stato/^oltage. asalphm

Tirn0(s)

Time(s)

261

Rotor Flux Linkage-Tr=(pD[<+J9oR

betha[pu]

alpha[pu]

Figure 83(b): Performance Characteristics via closed- loop simulation of IM
Mathematical Model Incorporating Rotor-Field-Oriented Control
from a Space Vector Voltage Supply with Nominal Load Torque
('mo=+0.68 N-mi
5.4-8

Discussion of Simulation Results for Periodic Nominal Load Torque
(Mo = ±0.68 N-m) with SV-PWM Supply and a Trapezoidal Input Speed
Command comzref

The Dormand Prince (ode 45) simulation solver was again chosen having a
fixed simulation step of 40 ps.
The performance characteristics illustrated in Figure 83 (b) are the
normalised-angular velocity (com), -developed electromagnetic torque (nie), -load
torque (mo), -direct-axis stator current (isa), -direct-axis stator voltage (usa), and rotor flux-linkage (Tr), and the -trapezoidal mechanical speed command (wmzret),
for the three-phase mathematical model of the IM in the a-p stationary reference
frame (s). The characteristics are very similar to those observed in Figure 79(b) but
the effect of the harmonics on the characteristics are very evident since the model is
supplied by a space vector modulated voltage source
Consideration of the mechanical speed (com) in accordance with the
trapezoidal input speed command and developed electromagnetic torque (mg)
characteristics during the interval 0 s to 0.5 s reveal that the IM is in transient
operational mode. During the transient phase, there is a high starting electromagnetic
torque developed (mg) equal to 1.15 N-m to allow for acceleration of the rotor to its
rated speed value. To maintain this starting torque value a stator current (isa) value of
± 1.3 A is required. After 0.5 s the machine is in the steady-state operational mode.
During this phase, mg decreases to a nominal value of tO.68 N-m. To initiate the
nominal load torque (mo=+0.68 N-m) and to sustain the nig at +0.68 N-m, isa
decreases to + 1.0 A from 0.5 s to 1 s.
At the instant of speed change, the motor decelerates to zero and thereafter
accelerates in the opposite/negative direction. The synchronised nominal load torque
steps to -0.68 N-m. During the transient interval 1.5 s to 2.0 s, there is an
electromagnetic torque (mg) developed equal to -1.15 N-m. To maintain this motor
torque value a stator current (isa) value of ± 1.35 A is required. After 2.0 s the
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machine is in the steady-state operational mode. During this period, me decreases to
its nominal value of -0.68 N-m. To maintain both the nominal load torque (mo—0.68
N-m) and me at -0.68 N-m, isa decreases to ± 1.0 A from 2.0 s to 2.5 s. The
simulation cycle is then repeated at 3.0 s.
Observation of the rotor flux-linkage characteristic reveals there is excellent
rotor-flux stabilisation. It can be seen from examination of the characteristics of
Figure 83(b) that the rotor flux-oriented vector control scheme provides a controlled
torque response with excellent flux stabilisation, thus overcoming the problems
normally associated with the constant volts per hertz (V/f) scalar control method. To
verify this, it is necessary to compare the performance characteristics of Figure 73(b)
pertaining to V/f scalar control and Figure 83(b) for indirect rotor FOC.
For the trapezoidal speed input command there exists a speed regulation
error of 0.17% between the input set speed command (comzrel) and the output
mechanical speed (com).

5.5:

M-file Code for Subprograms Pertaining to Test 5 (c and d)

5.5-1

M-FILE code for ‘S. instants’ SFUNCTION

The following s-function determines the switching instants for the voltage source
inverter, these switching instants are labelled to,ti,t2, in accordance with eqts
(254-a to 260) and the angular velocity of the rotating reference frame (coot is
used in this case as a substitute for cort). This s-function utilises figures (60(a) to
60(f)) to define the respective switching instants depending on the sector of
operation.
Before proceeding with the s.instants s-function its important to refer to eqts. (254-a
to 260).
% The following is the m-file code of the s.instants S-Function
function [sys,xO]=s.instants(t,x,u,flag,f)

% define system outputs, sys(l) to sys(5)
% sys(l)=tl;sys(2)=t2;sys(3)=tO; sys(4)=Ts; sys(5)=c;
% •tl,t2,tO are the switching instants
% ‘Ts is the switching period (referred to as Tc in eqts. (254a to 260)
%
®/o

"c is the sector of operation
define system inputs, u(l) to u(6)

®/o

u(l)=gamma;u(2)=uhl;u(3)=ud;u(4)=r;u(5)=fm;u(6)=ud;

®/o

•gamma is the system argument and is defined foe each state sequence in Chapter 4,

®/o

®/o

section 4.5-7-2, Table 4.5.
•uhl is the first harmonic of the PWM switched dc voltage
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Vo • ud is the dc link voltage, fm is the modulating
% •signal frequency.
if abs(flag)==l
sys=u;
elseif flag==3

%

Calculates the outputs of the s-function
To= 1/240;

®/o

®/o

Calculates the modulation period To where To=l/Fm
---------------------Sector 1---------------------if u( 1)<0
gamma=(2*pi)+rem(u(l),(2*pi));
else
gamma=rem(u(l),(2*pi));
end;

®/o

Definition of gamma

®/o

If in sector 1, that is 0<^<7i/3

®/o

Calculates the modulation depth (ml) as per eqt. (260)

if(gamma>=0)&(gamma<(pi/3))
ml =u(2)/(0.66667*u(3));
r=u(4);
Ts=To/r;
®/o

Calculates the switching period Ts as per eqt. (254)
tl=(l/sqrt(3))*ml *Ts*sin((pi/3)-u(l));
t2=(l/sqrt(3))*ml *Ts*sin(u(l));
to=(Ts/2)-(tl+t2);

®/o

Calculates the switching instants tl, t2, tO as per eqt. (254-a)
sys(l)=tl;
sys(2)=t2;
sys(3)=to;
sys(4)=Ts;
sys(5)=l;

®/o

Defines system outputs to be used as inputs to the states function

% ---------------------Sector 2---------------------elseif gamma>=(pi/3 )&gamma<(( 2 *pi)/3)
®/o

If in sector 2, that is n/3 <^<2n/3

®/o

Calculates the modulation depth (ml) as per eqt. (260)

ml=u(2)/(0.66667*u(3));
r-u(4);
Ts=To/r;
®/o

Calculates the switching period Ts as per eqt. (254)
sys( 1 )=( l/sqrt(3))*ml *Ts*sin(u( 1 )-(pi/3));
sys(2)=( l/sqrt(3))*ml *Ts*sin(u( 1 )+(pi/3));
sys(3)=(Ts/2)-(sys( 1 )+sys(2));
sys(4)=Ts;
sys(5)-2;

®/o
®/o

®/a

Calculates the switching instants tl, t2, tO as per eqt. (255)
Defines system outputs to be used as inputs to the states function
---------------------Sector 3---------------------elseif gamma>=((2*pi)/3)&gamma<pi

®/o

If in sector 3, that is 27r/3 <^<n

®/o

Calculates the modulation depth (ml) as per eqt. (260)

ml=u(2)/(0.66667*u(3));
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r=u(4);
Ts=To/r;

%

Calculates the switching period Ts as per eqt. (254)
sys( 1 )=( 1 /sqrt(3))*ml *Ts*sin(u( 1));
sys(2)=(l/sqrt(3))*ml *Ts*sin(-(u( l)+(pi/3)));
sys(3)=(Ts/2)-(sys( 1 )+sys(2));
sys(4)=Ts;
sys(5)-3;

%
Calculates the switching instants tl, t2, tO as per eqt. (256)
%
Defines system outputs to be used as inputs to the states function
% ---------------------Sector 4---------------------elseif gamma>=pi&gamiTia<((4*pi)/3)
%
If in sector 4, that is n <^<4nl3
ml=u(2)/(0.66667*u(3));

%

Calculates the modulation depth (ml) as per eqt. (260)
r=u(4);
Ts^To/r;

%

Calculates the switching period Ts as per eqt. (254)
sys( 1 )=( 1 /sqit(3))*ml *Ts*sin(-u( 1));
sys(2)=(l/sqit(3))*ml*Ts*sin(u(l)-(pi/3));
sys(3)=(Ts/2)-(sys( 1 )+sys(2));
sys(4)=Ts;
sys(5)=4;

%
%

Calculates the switching instants tl, t2, tO as per eqt. (257)
Defines system outputs to be used as inputs to the states function

%
%

------------------ Sector 5 --------------------If in sector 5, that is 47i/3 <^<57i/3
elseif gamma>=((4*pi)/3)&gamma<((5*pi)/3)
ml=u(2)/(0.66667*u(3));

0/

/o

Calculates the modulation depth (ml) as per eqt. (260)
r=u(4);
Ts=To/r;

%

Calculates the switching period Ts as per eqt. (254)
sys( 1 )=( 1 /sqrt(3))*ml *Ts*sin(-(u( 1 )+(pi/3)));
sys(2)=( 1 /sqrt(3))*ml *Ts*sin((pi/3)-u( 1));
sys(3)=(Ts/2)-(sys( 1 )+sys(2));
sys(4)=Ts;
sys(5)=5;

%
%
%
%

Calculates the switching instants tl, t2, tO as per eqt. (258)
Defines system outputs to be used as inputs to the states function
------------------Sector 6---------------------If in sector 6, that is 57t/3 <^<2n
elseif gamma>=(( 5 *pi)/3 )&ganima<((6*pi)/3)
ml=u(2)/(0.66667*u(3));

%

Calculates the modulation depth as per eqt. (260)
r=u(4);
Ts=To/r;

0/

/o

Calculates the switching period as per eqt. (254)
sys( 1 )=( 1 /sqrt(3))*ml *Ts*sin(u( 1 )+(pi/3));
sys(2)=( l/sqrt(3))*ml *Ts*sin(-u( 1));
sys(3)=(Ts/2)-(sys( 1 )+sys(2));
sys(4)=Ts;
sys(5)=6;

%
%

Calculates the switching instants tl, t2, tO as per eqt. (259)
Defines system outputs to be used as inputs to the states function
end;

%

Unused flags
sys(6)=u(6);
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elseif flag==0
sys=[6,0,6,6,0,0];
xO=0;
else
sys=[];
0/

/o

Program Termination
end;
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5.6: Experimental Verification of Field
Oriented Control
This section provides test results of an experimental IM drive system as elucidated in Test 6
of Table 1.2, section 1.4 of chapter 1. The aim of this test is to verify and compare real-time
experimental test results of a high-performance IM drive, manufactured by Moog Ireland Ltd
[36], for different shaft inertial load disc conditions with simulated results of the a-(3 IM
mathematical model for validation of the applied FOC method.

5.6- 1: Platform Development for IM Step Response Testing
The platform for experimental testing is based on a Matlab/Simulink software interface with a
‘dSpace’ acquisition card (version DSl 103).

5.6- 2: Development of Matlab/Simulink software interface for
HIGH- PERFORMANCE IM DRIVE TESTING WITH VARIOUS INERTIAL
Load Disc Conditions
Figure 84 (a) illustrates the experimental platform developed with the Matlab/Simulink
software interace environment. This platform permits the performance characteristics of the
Moog IM drive pertaining to the angular shaft velocity, the u and v phase stator currents to be
examined. Assuming balanced three-phase conditions the w phase stator current can be
obtained from a combination of the u and v phase stator currents as follows, T +Iv+Iw=0.
Real Time Interface
I RTI Data h

Digital to Analogue

Figure 84 (a): Matlab/Simulink experimental testbed for IM drive performance
evaluation with various inertial disc values
For ease of presentation the results for each inertial load condition are presented separately. A
short comparison of the motor response characteristics for these load conditions will be made
and contrasted with the simulated results provided in section 5.3. Two shaft inertial load discs
were used in the experimental testing,

(a)
(b)

J=79.82 kg.cm^
J=120.47 kg.cm^
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5.6-3:

IM Step Response Testing with Inertial Load Test Condition

J=79.82 KG.CM^
The relevant information regarding the IM drive specifications, and parameter
values are provided in Table 1.1, section 1.4 of chapter 1. A PI control scheme is adopted for
the speed loop of the Moog IM drive, as was the case for the indirect rotor FOC method
discussed in section 5.2-11.4.
The steady-state shaft velocity measurements which are observed for velocity
command input step voltage increments of 0.1 V over the demand range OV to IV are listed
in table 5.1. Examples of these characteristics are plotted m figures 84(c), 85(b), and 86 (b).
The velocity command step input applied in each test is a slow changing bipolar square-wave
with a repetition frequency of 0.25 Hz. The shaft velocity step response is monitored in the
steady state zone in accordance with polarity changes in the input bipolar square-wave
command signal, after the transient response has elapsed.
Table 5.1: IM Step Response Measurement of Angular Shaft Velocity subject to a
Bipolar Square Wave Input Velocity Step Voltage Command with a
repetition frequency of 0.25Hz and peak voltage variation of 0.1V to 1 .OV
Displayed Angular Shaft Velocity
in rpm

0.1 V peak

Square Wave
Repetition
Frequency
0.25Hz

0.2 Vpeak

0.25Hz

+610,-606

0.3 Vpeak

0.25Hz

+914,-911

0.4 Vpeak

0.25Hz

+ 1218,-1222

0.5 Vpeak

0.25Hz

+ 1522,-1526

0.6 Vpeak

0.25Hz

+ 1827,-1823

0.7 Vpeak

0.25Hz

+2131,-2134

0.8 Vpeak

0.25Hz

+2435,-2439

0.9 Vpeak

0.25Hz

+2739,-2743

1.0 Vpeak

0.25Hz

+3043,-3047

Bipolar Square wave I/P
Command Amplitude

+305,-302

Usage of the steady-state measurements in Table 5.1 which are plotted in Figure 84
(b) permits examination of the linearity of the shaft velocity response versus input
voltage command step command characteristic.

268

Chapter 5: Scalar and Vector IM Control Methodologies

Figure 84 (b): IM Shaft Velocity Transfer Characteristic
Figure 84 (c) shows the real-time measurements pertaining to the filtered stator
feedback currents, and the IM shaft velocity subject to an input voltage step command
signal of 0.1 V, and an inertial load setting of J=79.82 Kg.cm^

Step input Command(red}, Shaft Anguiar Veiocity(green)

269

Chapter 5: Scalar and Vector IM Control Methodologies
Current Feedback Information, i> phase(green), vphase(red)

0.5

1

1.5

2

2.5

Time(seconds)

Figure 84 (c): Graphical response of the angular shaft velocity and the filtered
current feedback information subject to an input-step command of
O.IV peak
Figure 85 (b) illustrates the real-time measurements of the filtered stator feedback
currents, and the IM shaft velocity subject to an input voltage step command of 0.5V,
and an inertial load condition of J=79.82 kg.cm .

Step Input Command(red), Shaft Angular Veiocit\/{green)
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Cunent Feedback information, aphase(green}, vphase(red)

Figure 85 (b): Graphical response of the angular shaft velocity and the filtered
current feedback information subject to an input-step command of
0.5 V peak
Figure 86 (b) illustrates the real-time measurements of the filtered stator feedback
currents, and the IM shaft velocity subject to an input voltage step command signal of
l.OV, and an inertial load condition of J=79.82 kg.cm^.
Step input Command(red), Shaft Anguiar Ve{ocity(green)
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Current Feedback tniormat}on,uphase(green}; vphase(red}

Time(seconds)
Figure 86 (b): Graphical response of the angular shaft velocity and the filtered
current feedback information subject to an input-step command of 1.0 V peak

5.6-4: Discussion of Experimental Results for a high-performance
MooG IM Drive having an inertial load disc of value 79.82
KG.CM^ AND AN INPUT VOLTAGE STEP COMMAND OF 0.1 V PEAK
The real-time measurements (RTI) in figure 84(c) were obtained from
experimental tests performed on the high-performance Moog IM drive in adjustable
speed drive (ASD) operational mode. The measurements illustrated are the angular
shaft velocity, and the filtered stator feedback phase current characteristics subject to
an input velocity step voltage command of 0.1 V peak.
During the transient period 0.20 s to 1.15 s the IM is increasing towards its
set speed of-302 rpm as recorded in Table 5.1. To acquire the increase in mechanical
speed during the transient phase a starting current value as exhibited by the feedback
stator phase currents (U, V) of ± 0.1 A is required. After the IM has reached its rated
speed in 0.95 s the machine is in the steady-state operational mode. During the period
0.4 s to 1.0 s, the IM shaft velocity exhibits a predominantly quasi second order
response. It has a rise time of 0.08 s, and a settling time of 0.95 s, before reaching its
steady-state value.
A positive input step velocity command is then issued at 2.20 s, and
consequently the IM begins to rotate in the opposite/positive direction. During the
transient period 2.20 s to 3.0 s the IM is increasing towards its set speed value of +305
rpm. To acquire the increase in the mechanical speed characteristic during this phase a
starting stator current value of ± 0.1 A is required as in the previous case by symmetry
of the response for command input reversal. After 3.0 s the machine reaches its
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steady-state value. A predominantly quasi second order response is again evident
during the interval 2.20 s to 2.70 s.
For this type of inertial load directly connected to the motor shaft the
proportional and integral gain settings of the speed loop are not optimised, and this
accounts for the overshoot and long settling time observed in the shaft velocity
characteristic.
Unfortunately when performing practical experiments on the highperformance Moog IM drive it is not possible to observe the developed
electromagnetic torque (me) characteristic. However upon examination of the filtered
stator phase current feedback information observed from Figure 84 (c) which is
indicative of the developed torque me, it is possible to make immediate comparisons
with the simulated stator current performance characteristic of figure 77(b) in section
5.3-3 for example. During the transient phase, the stator currents both attain
maximum values, and although its not possible to observe the torque me related
characteristic in figure 84 (c) it is reasonable to assume that during the transient phase
a high starting torque is developed to allow the rotor to accelerate to its set speed
value governed by the input velocity step voltage command. This starting torque is
sustained by the stator current attaining a maximum value of ± 0.1 A observed from
figure 84 (c) during the interval 0.20 s to 0.70 s, while from figure 77 (b) the starting
torque is sustained by the stator current attaining a maximum value of ± 0.5 A during
the interval 0 s to 0.5 s. During the steady-state phase, the stator current attains
nominal values for both examples, indicating that the torque me related characteristic
in figure 84(c) would decrease to its nominal value similar to the me characteristic for
figure 77(b).
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5.6-5: Discussion of Experimental Results eor a high-pereormance
Moog IM Drive having an inertial load disc of value 79.82
KG.CM^ AND AN INPUT VOLTAGE STEP COMMAND OP 0.5 V PEAK
The RTI measurements in figure 85(b) were obtained from experimental
tests performed on the high-performance Moog IM drive in ASD operational mode.
The measurements illustrated are the angular shaft velocity, and the filtered stator
feedback phase current characteristics subject to an input voltage step command of
0.5 V peak.
During the transient period 1.75 s to 3.3 s the IM is increasing towards its set
speed of -1526 rpm as recorded in Table 5.1. To acquire the increase in the
mechanical speed during this phase a starting current value as exhibited by the
feedback stator phase currents (U, V) of ± 0.3 A is required. After the IM has reached
its rated speed in 3.3 s the machine is in the steady-state operational mode. During the
period 1.75. s to 2.75 s, the IM shaft velocity exhibits a predominantly quasi second
order response. This response can be compared with that of figure 84 (c). It has a rise
time of 0.09 s, and a settling time of 1.5 s, before reaching its steady-state value. Thus
the greater the input velocity step voltage command the worse will be the transient
performance of the machine, resulting in longer settling time and mbre pronounced
oscillation, as shown in figure 85 (b) when compared with figure 84(c).
At the instant of phase reversal in 3.75 s the IM begins to rotate in the
opposite/positive direction. During the transient period 3.75 s to 5.3 s the IM is
increasing towards its set speed value of +1522 rpm. To acquire the increase in the
mechanical speed characteristic during the transient phase a starting stator current
value of ± 0.3 A is required as in the previous case by symmetry of the response for
command input reversal. After 5.3 s the machine reaches its steady-state value.
However during the period 4.0 s to 5.0 s, the machine again exhibits a predominantly
quasi second order response.
Upon examination of the filtered stator phase current feedback information
observed from Figure 85 (b) which is indicative of the developed torque me, it is
possible to make immediate comparisons with the simulated stator current
performance characteristic of figure 79(b) in section 5.3-8 for example. During the
transient phase, the stator currents both attain maximum values, suggesting that
during the transient phase a high starting torque is developed to allow for the rotor to
accelerate to its rated speed value governed by the input step velocity command. This
torque would be sustained by the stator current attaining a maximum value of ± 0.3 A
observed from figure 85 (b) during the interval 1.75 s to 3.3 s, while from figure 79
(b) the starting torque is sustained by the stator current attaining a maximum value of
± 1.25 A during the interval 0 s to 0.5 s. During the steady-state phase, the stator
current attains nominal values for both examples, indicating that the torque related me
characteristic in Figure 85(b) would decrease to its nominal value similar to the me
characteristic for Figure 79(b).
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5.6-6: Discussion of Experimental Results for a high-performance
Moog IM Drive having an inertial load disc oe value 79.82
KG.CM^ AND AN INPUT VOLTAGE STEP COMMAND OF 1.0

V PEAK

The RTI measurements in figure 86(b) were obtained from practical tests
performed on the high-performance Moog IM drive in ASD operational mode. The
measurements illustrated are the angular shaft velocity, and the filtered stator
feedback phase current characteristics subject to an input voltage step command of
1.0 V peak.
During the transient period 3.25 s to 4.85 s the IM is increasing towards its
rated speed of-2933 rpm as recorded in Table 5.1. After 4.85 s the machine is in the
steady-state operational mode. To sustain the increase in the mechanical speed during
this phase a starting current value as exhibited by the feedback stator phase currents
(U, V) of ± 0.4 A is required. During the period 3.25 s to 4.85 s, the IM shaft velocity
exhibits a predominantly quasi second order response. This response can be compared
with that of figure 85 (b). It has a rise time of 0.2 s, and a settling time of 1.6 s, before
reaching its steady-state value. Once again the greater the input velocity command
then the more pronounced is the oscillation on the angular shaft velocity
characteristic, as shov/n in figure 86 (b) when compared with figure 84 (c).
A positive velocity input step voltage command is then issued at 1.25 s, and
consequently the IM begins to rotate in the opposite/positive direction. During the
transient period 1.25 s to 2.85 s the IM is increasing towards its ra+ed speed value of
+2981 rpm. To sustain the increase in the mechanical speed characte dstic during the
transient phase a starting stator current value of ± 0.4 A is required. After 2.8 s the
machine reaches its steady-state value. A predominantly quasi second order response
is again evident during the interval 1.25 s to 2.5 s.
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5.6-7: IM Step Response Testing
J=120.47 KG.CM^

with

Inertial Load Condition

The relevant information regarding the IM drive specifications, and
parameter values are provided in Table 1.1, section 1.4 of chapter 1. A PI control
scheme is adopted for the speed loop of the Moog IM drive, as was the case for the
indirect rotor FOC method discussed in section 5.2-11.4.
The steady-state shaft velocity measurements which are observed for
velocity command input step voltage increments of 0.1 V over the demand range OV
to IV are listed in Table 5.2. Examples of these characteristics are plotted in figures
88(a) to 90 (a). The velocity command step input applied in each test is a slow
changing bipolar square-wave with a repetition frequency of 0.25 Hz. The shaft
velocity step response is monitored in the steady state zone in accordance with
polarity changes in the input bipolar square-wave command signal, after the transient
Table 5.2: IM Step Response Measurement of Angular Shaft Velocity subject to a
Bipolar Square Wave Input Velocity Step Voltage Command with a
repetition frequency of 0.25Hz and peak voltage variation of O.IV to LOV
Displayed Angular Shaft Velocity
in rpm

0.1 Vpeak

Square Wave
Repetition
Frequency
0.25Hz

0.2 Vpeak

0.25Hz

+610,-606

0.3 Vpeak

0.25Hz

+914,-911

0.4 Vpeak

0.25Hz

+ 1218,-1215

0.5 Vpeak

0.25Hz

+ 1522,-1519

0.6 Vpeak

0.25Hz

+ 1827,-1823

0.7 Vpeak

0.25Hz

+2131,-2127

0.8 Vpeak

0.25Hz

+2435,-2439

0.9 Vpeak

0.25Hz

+2739,-2743

1.0 Vpeak

0.25Hz

+3043,-3047

Bipolar Square wave I/P
Command Amplitude

+305,-302

Usage of the steady-state measurements in Table 5.2 which are plotted in Figure 87
permits examination of the linearity of the shaft velocity response versus input voltage
command step command characteristic.
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Figure 87:

IM Shaft Velocity Transfer Characteristic

Figure 88 (a) shows the real-time measurements of the filtered stator feedback
currents, and the IM shaft velocity subject to an input voltage step command signal of
O.IV, and an inertial load condition of 120.47 kg.cm .
Step Input Command(red), Angular Shaft Velocitylgreen)
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Current Feedback fniormation, uphase(green}, vphaae(red}
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Figure 88 (a): Graphical response of the angular shaft velocity and the filtered
current feedback information subject to an input-step command of
O.IV peak
Figure 89 (a) depicts the real-time measurements pertaining to the filtered stator
feedback currents, and the IM shaft velocity subject to an input voltage step command
signal of 0.5V, and an inertial load condition of J=120.47 kg.cm^

Step input Command(red), Shaft Anguiar Veiocfty(green)
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Current Feedback information, uphase(green); vphase(red}
“1------ r

2.2

2.4
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Figure 89 (a): Graphical response of the angular shaft velocity and the filtered
current feedback information subject to an input-step command of
0.5V peak
Figure 90 (a) shows the real-time measurements of the filtered stator feedback
currents, and the IM shaft velocity subject to an input voltage step command of 1 .OV,
and an inertial load condition of J=120.47 kg.cm^.

Step input Command(red}, Angular Shaft Ve/oc/ty(green)
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Feedback Current Information, uphase(green), vphase(red)

0.6
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1.4
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Figure 90 (a): Graphical response of the angular shaft velocity and the filtered
current feedback information subject to an input-step command of
1.0 V peak

5.6-8: Discussion

Experimental Results
for
a
HighPerformance Moog IM Drive having an Inertial Load Disc'
OF VALUE 120.47 KG.CM^ AND AN INPUT VOLTAGE STEP COMMAND
OF 0.1 V PEAK
The RTI measurements in figure 88(a) were obtained from experimental tests
performed on the high-performance Moog IM drive in ASD operational mode. The
measurements illustrated are the angular shaft velocity, and the filtered stator
feedback phase current characteristics subject to an input velocity step voltage
command of 0.1 V peak.
During the transient period 2.25 s to 3.45 s the IM is increasing towards its
set speed of-302 rpm as recorded in Table 5.2. To acquire the increase in mechanical
speed during the transient phase a starting current value as exhibited by the feedback
stator phase currents (U, V) of ± 0.1 A is required. After the IM has reached its set
speed value in 3.45 s the machine is in the steady-state operational mode. During the
period 2.4 s to 3.25 s, the IM shaft velocity exhibits a predominantly quasi second
order response, suggesting that the proportional and integral gain settings of the speed
loop are not optimised. It has a rise time of 0.12 s, and a settling time of 1.2 s, before
reaching its steady-state value.
of

A positive velocity input step voltage command is then issued at 0.25 s, and
consequently the IM begins to rotate in the opposite/positive direction. During the
transient period 0.4 s to 1.6 s the IM is increasing towards its set speed value of+305
rpm. To acquire the increase in the mechanical speed characteristic during this phase a
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starting stator current value of ± 0.1 A is required as in the previous case by symmetry
of the response for command input reversal. After 1.6 s the maehine reaches its
steady-state value. A predominantly quasi second order response is again evident
during the steady state interval 0.55 s to 1.4 s.
Upon examination of the filtered stator phase current feedback information
observed from figure 88 (a) which is indicative of the developed torque me, it is
possible to make immediate comparisons with the simulated stator current
performance characteristic of figure 77(b) in section 5.3-3 for example. During the
transient phase, the stator currents both attain maximum values, and although its not
possible to observe the torque me related characteristic in figure 88 (a) it is reasonable
to assume that during the transient phase a high starting torque is developed to allow
the rotor to accelerate to its set speed value governed by the input velocity step
voltage command. This starting torque would be sustained by the stator current
attaining a maximum value of ± 0.1 A observed from figure 88 (a) duiing the interval
2.25 s to 3.45 s, while from figure 77 (b) the starting torque is sustained by the stator
eurrent attaining a maximum value of ± 0.5 A during the interval 0 s to 0.5 s. During
the steady-state phase, the stator current attains nominal values for both examples,
indicating that the mg characteristic in figure 88(a) would decrease to its nominal
value similar to the me characteristic for figure 77(b).
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5.6-9: Discussion

Experimental Results for a HighPerformance Moog IM Drive having an Inertial Load Disc
OF Value 120.47 kg.cm^ and an Input Voltage Step Command
OE 0.5 V PEAK
The RTI measurements in figure 89(a) were obtained from experimental
tests performed on the high-performance Moog IM drive in ASD operational mode.
The measurements illustrated are the angular shaft velocity, and the filtered stator
feedback phase current characteristics subject to an input voltage step command of
0.5 V peak.
of

During the transient period 1.6 s to 3.3 s the IM is increasing towards its set
speed of-1519 rpm as recorded in Table 5.2. To acquire the increase in mechanical
speed during this phase a starting current value as exhibited by the feedback stator
phase currents (U, V) of ± 0.3 A is required. After the IM has reached its rated speed
in 3.3 s the machine is in the steady-state operational mode. During the period 1.8 s to
3.0 s, the IM shaft velocity exhibits a predominantly quasi second order response.
This response can be compared with that of figure 85 (b). It has a rise time of 0.2 s,
and a settling time of 1.6 s, before reaching its steady state value. Thus the greater the
input velocity step voltage commands the worse will be the transient performance of
the machine, resulting in longer settling time and more pronounced oscillation, as
shown in figure 89 (a) when compared with figure 88 (a).
At the instant of phase reversal in 3.75 s the IM begins to rotate in the
opposite/positive direction. During the transient period 3.75 s to 5.45 s the IM is
increasing towards its rated speed value of+1522 rpm. To acquire the increase in the
mechanical speed characteristic during this phase a starting stator current value of ±
0.3 A is required. After 5.45 s the machine reaches its steady-state value. However
during the period 4.0 s to 5.25 s, the machine again exhibits a predominantly quasi
second order response.
Upon examination of the filtered stator phase current feedback information
observed from figure 89 (a) which is indicative of the developed torque me, it is
possible to make immediate comparisons with the stator current performance
characteristic of figure 79 (b) in section 5.3-8 for example. During the transient phase,
the stator currents both attain maximum values, suggesting that during the transient
phase a high starting torque is developed to allow for the rotor to accelerate to its set
speed value governed by the input velocity step voltage command. This starting
torque is sustained by the stator current attaining a maximum value of ± 0.3 A
observed from figure 89 (a) during the interval 1.6 s to 3.3 s, while from figure 79 (b)
the starting torque is sustained by the stator current attaining a maximum value of ±
1.25 A during the interval 0 s to 0.5 s. During the steady-state phase, the stator current
attains nominal values for both examples, indicating that the me characteristic in
figure 89 (a) would decrease to its nominal value similar to the me characteristic for
figure 79 (b).
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5.6-10:

Discussion of Experimental Results for a HighPerformance Moog IM Drive having an Inertial Load Disc
OF VALUE 120.47 KG.CM^ AND AN INPUT VOLTAGE STEP COMMAND
OF I.O V PEAK

The RTI measurements in figure 90(a) were obtained from practical tests
performed on the high-performance Moog IM drive in ASD operational mode. The
measurements illustrated are the angular shaft velocity, and the filtered stator
feedback phase current characteristics subject to an input voltage step command of
1.0 V peak.
During the transient period 0.45 s to 2.3 s the IM is increasing towards its
rated speed of -2933 rpm as recorded in Table 5.2. To acquire the increase in
mechanical speed during the transient phase a starting current value as exhibited by
the feedback stator phase currents (U, V) of ± 0.4 A is required. After 2.3 s the
machine is in the steady-state operational mode. During the period 0.7 s to 2.05 s, the
IM shaft velocity exhibits a predominantly quasi second order response. This response
can be compared with that of figure 86 (b). It has a rise time of 0.25 s, and a settling
time of 1.85 s, before reaching its steady state value. Once again the greater the input
velocity command then the more pronounced is the oscillation on the angular shaft
velocity characteristic, as shown in figure 90 (a) when compared with figure 88 (a).
A positive velocity input step voltage command is then issued at 2.45 s, and
consequently the IM begins to rotate in the opposite/positive direction. During the
transient period 2.45 s to 4.3 s the IM is increasing towards its rated speed value of
+2981 rpm. To sustain the increase in the mechanical speed characteristic during the
transient phase a starting stator current value of ± 0.4 A is required, as in the previous
case by symmetry of the response for command input reversal. After 4.3 s the
machine is in the steady-state operational mode. A predominantly quasi second order
response is again evident during the interval 2.95 s to 4.05 s.
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5.6-11:

Conclusions
Results

with

relation

to

Experimental Test

It was observed that as the amplitude of the input velocity step voltage command
increased towards its maximum value of ± 1.0 Vp, the IM angular shaft velocity
reached its final value of ± 3000 rpm, but the transient behaviour of the machine
worsened. From figure 84 (c) when the input velocity step voltage command was ±
0.1 Vp, and the inertial load on the IM shaft equalled 79.82 kg.cm^ the maximum
overshoot was approximately 90%, with a rise time of 0.08 s and a settling time of
0.95 s. This is compared with figure 86 (b). Here the input velocity step voltage
command was ± 1.0 Vp, and the maximum overshoot was approximately 30%, with a
rise time of 0.20 s, and a settling time of 1.60 s. Thus it can be seen how the transient
behaviour has worsened.
Inertia Value: 79.82kg.cm^
Sl9p Inpm Corman(j(/ed). Shaft Angufar Veiocityigtaaf^

Currant Faariback Inform^ion, uphaaelgraar^. vphaaafrac^

Inertia Value: 79.82kg.cm^
Slap Input Ccmmanci(rdd}. Angular Sh^ Valoc^ylgraan)

Currant FaarXtack lnformatron.upha6e(gfaar^, vphaaeirac^

Tim«($dconds)

Figure 84(c)

Figure 86 (b)

It is now necessary to compare figures 88(a) and 90(a). From figure 88 (a) when the
input velocity step voltage command was ± 0.1 Vp, and the inertial load on the IM
shaft equalled 120.47 kg.cm the maximum overshoot was approximately 95%, with a
rise time of 0.12 s and a settling time of 1.2 s. This is compared with figure 90 (a).
Here the input velocity step voltage command was ± 1.0 Vp, and the maximum
overshoot was approximately 45%, with a rise time of 0.25 s, and a settling time of
1.85 s. Comparing figures 86 (b) and 90 (a) reveals the following information. There
is a 15% increase in overshoot, a shorter rise time, and a longer settling time in figure
90 (a) for the shaft load inertia of 120.47 kg.cm^ with respect to figure 86 (b) and a
shaft inertial load of 79.82 kg.cm^.
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Inertia Value: 120.47kg.cm^
Slep tnpuk

Commsm^ndj. Anguldf Shift Vikxit^greer^
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Figure 88 (a)

Inertia Value: 120.47kg.cm^
Stop Inpu Commandfradj, Shaft Angular Valocayfgraan)

FaaObach Currant information. uphaaa{graanf. vphaaairad)

Figure 90 (a)

Verification and comparison of the experimental results with the simulated results of
section 5.3 pertaining to the rotor flux oriented control section allowed for confidence
enhancement of the indirect rotor FOC scheme. The experimental results were found
to contain a lot of noise characteristics that would indicate a more suitable, less noisy
environment if precise and accurate measurement readings were required.
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6.1

Conclusions

In general, the control of induction machines in high-performance motor
drive (HPMD) systems can be classified into two distinct categories. The first of these
is a traditional approach, and is referred to as scalar control. The constant volt per
hertz (V/f) application is presented in this thesis as an example of scalar control.
Scalar controlled IM drives exhibit excellent speed control characteristics and
consequently they have found extensive application in constant speed systems.
However they do not provide a ‘good’ direct-torque controlled capability with flux
stability as was verified in the simulation exercises of sections 5.1 and 5.2 of chapter
5.
The second and more conventional approach is referred to as vector control,
v/hich has become the foundation for all HPMD systems. Such a control technique
has been established since the 1970’s and gives servo-drive capability to IM’s. During
operation of a vector controller, it is necessary to control both the magnitude and
phase of the stator supply currents in real-time, in response to changes in both flux
and torque demands. In order to combat this problem, extensive use is made of
conventional two-axis theory in chapter 3. By the careful selection of a particular
reference frame (rotor-flux oriented control implementation in this thesis), the threephase a.c. rotational complexities found in an IM is reduced to a two-axis, stationary
d.c. solution. Within the vector controller, the required motor currents (isx and isv)
were computed in the special x-y reference frame, whilst the three-phase motor
currents (Ias, ies , ics ) are referenced to the a-p stationary reference frame (isa, ips )•
This was achieved by invoking the Parks transformation.
An IM drive was simulated with space vector control incorporating
parameters from a 2kW IM supplied by Moog Ireland Ltd, within a specially chosen
reference frame. This drive incorporated a decoupling block in order to achieve
independent control of torque and flux. A space vector pulse-width modulated
inverter (SV-PWM) drive was implemented instead of the conventional ‘sine-triangle’
pulse-width modulated type since it geared towards a digital implementation and
provides a 15% increase in d.c.-link voltage utilisation with improved inverter
switching, and is easier to control. The PI regulators required to achieve a controlled
torque response with flux stabilisation were developed based on the optimal modulus
and symmetry criteria. The simulation exercises performed for the scalar controlled
IM drive observed in sections 5.1 and 5.2 of chapter 5 provide a convenient
performance comparison with those observed for the vector controlled IM drive
observed in sections 5.3 and 5.4. Essentially it confirms that the vector controlled IM
drive guarantees a better controlled torque response with flux stabilisation, and
consequently promotes the application of a vector controlled IM drive in a HPMD
system over a scalar controlled IM drive.
An experimental platform based on a Matlab/Simulink interface with a
‘dSpace’ acquisition card was developed for the actual IM supplied by Moog Ireland
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Ltd. This platform allowed for some comparison and verification of the experimental
test results of the high-performance IM drive for different shaft inertial conditions
with simulated results of the a-p IM mathematical model. Such a comparison
allowed for confidence enhancement of the applied indirect rotor flux-oriented vector
control scheme.

6.2

Future Work

The following topics, which require further investigation emerged from the
work completed in this thesis:
1.

Implementation of the direct rotor flux-oriented control (DFOC) technique
using the Kalman observer as a speed and parameter estimator for sensorless
operation of the IM drive. Estimation of the IM parameters and positional
information in a real-time application is crucial to the success of the DFOC
technique. The results observed from the indirect rotor flux-oriented control
(IDFOC) technique implemented in this thesis can be compared with those
obtained for the DFOC technique in terms of performance characteristics,
error on measurements, and respective algorithmic speeds.

2.

Implementation of a speed sensorless direct torque controlled (DTC) IM drive
using the Kalman observer with subsequent performance evaluation in
comparison with the DFOC and IDFOC techniques.

6.3
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